Investigation of bipyridilium and Prussian blue systems for their potential application in electrochromic devices by J.L. Dillingham (7166936)
 
 
 
This item is held in Loughborough University’s Institutional Repository 
(https://dspace.lboro.ac.uk/) and was harvested from the British Library’s 
EThOS service (http://www.ethos.bl.uk/). It is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
Investigation of Bipyridilium and Prussian 
Blue Systems for their Potential 
Application in Electrochromic Devices 
by 
J. L. Dillingham 
A Doctoral Thesis 
submitted in partial fulfilment of the requirements 
for the award 
DOCTOR OF PHILOSOPHY 
. Y:.... Of, 
Loughborough University 
1999 
"by J. L. Dillingham 1999 
Contents 
Abstract 
Keywords ii 
Acknowledgements 
Abbreviations and Symbols v 
Chapter 1 Introduction to Electrochromism 1 
1.1 What is Electrochromism? 2 
1.2 Electrochromism Phraseology 2 
1.2.1 Contrast Ratio 2 
1.2.2 Coloration Efficiency 3 
1.2.3 Electrochromic Response Time 3 
1.2.4 Write-Erase Efficiency 3 
1.2.5 Cycle Life 3 
1.3 Potential Applications of Electrochromic Materials 4 
1.4 Current Display Technology 4 
1.4.1 Cathode Ray Tubes 4 
1.4.2 Liquid Crystal Displays 5 
1.4.3 Light Emitting Diodes 5 
1.4.4 Electrochromic Materials for Use as Displays 5 
1.5 Electrochromic Systems 6 
1.5.1 Inorganic Electrochromes 7 
(a) Metal Oxides 7 
(b) Phthalocyanine Compounds 10 
(c) Prussian Blue 12 
1.5.2 Organic Electrochromes 15 
(a) Bipyridilium Systems'i .' ºx '" 15 
(b) Electroäctive Conducting Polymers 17 
1.6 Solid Electrolytes for use in ECDs'" 18 
1.6.1 Nafion® A' ~vý 18 
1.6.2 DAIS ,,, ».... ý.,... ý... .. 20 
1.6.3 Flemion 
-,, 21 
1.7 Polyelectrochromism 23 
1.8 Aims 23 
Chapter 2 Experimental 25 
2.1 Electrochemical Measurements 26 
2.1.1 Theory 26 
2.1.2 Instrumentation 28 
2.2 Spectroelectrochemical Measurements 29 
2.2.1 Theory 29 
2.2.2 Instrumentation 30 
2.3 Chemicals 30 
2.4 Syntheses 31 
2.4.1 Viologens 31 
2.4.2 Diquats 34 
2.5 Preparation of Nafion® Films 37 
2.6 Prussian Blue and PB Analogue Film Deposition 38 
Chapter 3 1,1'-Di-Alkyl-4,4'-Bipyridilium Systems 39 
3.1 Introduction 40 
3.2 Aqueous Solution Studies 41 
3.2.1 Electrochemistry 42 
3.2.2 UV/vis Spectroscopy 46 
3.3 Incorporation into Nafion® Films 52 
3.3.1 Electrostatic Incorporation 52 
3.3.2 Electrochemical Response 57 
3.3.3 Spectroelectrochemical Response 59 
3.3.4 Influence of Size/Conformation of Viologen Molecules 62 
3.4 Incorporation into other Solid Electrolytes 68 
3.4.1 Naflon® 68 
3.4.2 DAIS 69 
3.4.3 Flemion 70 
3.5 Bilayer Systems with Prussian Blue 71 
3.6 Conclusions 74 
Chapter 4 Diquat Based Compounds 76 
4.1 Introduction 77 
4.2 Aqueous Solution Studies 81 
4.2.1 Electrochemistry 81 
4.2.2 UV/vis Spectroscopy 89 
4.3 Electropolymerisation Studies 96 
4.4 Incorporation into Nafion® Films 100 
4.4.1 Electrostatic Incorporation 100 
4.4.2 Electrochemical Response 102 
4.4.3 Spectroelectrochemical Response 106 
4.5 Conclusions 109 
Chapter 5 A Survey of the Transition Metal Hexacyanoferrates 110 
5.1 Introduction 111 
5.2 Titanium 112 
5.3 Vanadium 115 
5.4 Chromium and Molybdenum 116 
5.5 Manganese and Rhenium 121 
5.6 Iron, Ruthenium and Osmium 126 
5.7 Cobalt and Rhodium 128 
5.8 Nickel, Palladium and Platinum 133 
5.9 Copper and Silver 140 
5.10 Cadmium 144 
5.11 Conclusions 146 
Chapter 6 Practical Application of Electrochromic Systems 147 
in Optical Devices 
6.1 Introduction 148 
6.2 ITO/PB/PB/ITO cell 154 
6.3 ITO/PB/Nafion®/PB/ITO cell 156 
6.4 ITO/PB/Nafion®/Methyl Viologen/Nafion®/PB/ITO cell 161 
6.5 Conclusions 163 
References 165 
Bibliography 180 
Appendix 1 Postgraduate Training Programme 
Appendix 2 Conferences Attended 
Appendix 3 Publications to Date 
Abstract 
Analogues of 1,1'-dimethyl-4,4'-bipyridilium, `paraquat' or methyl viologen, have 
been investigated. A series of symmetrical 1,1'-di-alkyl-4,4'-bipyridiliums, methyl to 
n-nonyl viologen, were synthesised. Electrochemical and spectroelectrochemical data 
in aqueous solution are reported. With the exception of n-heptyl, n-octyl and n-nonyl 
viologens, all the compounds in the series were successfully incorporated into films of 
the sulphonated perfluorinated polyether Nafion®. Iso-propyl, iso-butyl, allyl and 
cinnamyl viologens were also synthesised. Electrochemical data in aqueous solution 
are reported and the influence of size/conformation of the molecules on incorporation 
into Nafion® has been investigated. The incorporation of methyl viologen into two 
other solid electrolytes, DAIS and Flemion, has also been investigated and a 
comparison of the results is presented. 
1,1'-Ethylene-2,2'-dipyridilium, `diquat', and its benzo-15-crown-5 and 1,2- 
dimethyloxybenzene derivatives were the second group of compounds to be 
investigated. Diquat has many similar properties to paraquat and thus it was striking 
that the electrochromic properties of diquat had not been previously reported. The 
thesis presents new electrochemical and spectroelectrochemical data for diquat and its 
derivatives in aqueous solution. 
Iron(III) hexacyanoferrate(]I), Prussian blue, is an important and well studied 
electrochromic system. The present work surveys analogous transition metal 
hexacyanoferrates for electrochromic properties. Results are presented for the thin 
film deposition of metal hexacyanoferrates onto ITO glass working electrodes. 
Electrochemical and spectroelectrochemical data are reported. 
Finally practical devices using the electrochromic systems studied above were 
constructed. An electrochromic device utilising Prussian blue and Nafion® is 
described and its optical switching behaviour is characters edb and compared to a 
device containing only Prussian blue. Methyl viologen is also introduced into the 
device. 
i 
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Chapter 1 
Introduction to Electrochromism 
1.1 What is Electrochromism? 
The word 'electrochromism' was coined in 1961 by Platt' whose discussions were 
amongst the first published. He suggested this term in analogy to `thermochromism' 
and `photochromism'. Platt outlined the theoretical considerations which led him to 
believe that upon application of a strong electric field to certain dyes, shifts of 
hundreds of angstroms in the absorption and emission spectra could be expected. Platt 
discussed his theory of the effect in terms of particular compounds which he expected 
to show it most strongly. 
Electrochromism is now generally defined as the phenomenon of an electrochemically 
induced colour change in an appropriate material. Electrochromic materials are 
electroactive materials that exhibit new optical absorption bands, that is they change 
colour, when an electron-transfer or 'redox' reaction takes place. The historical 
development of the subject was summarised in 1994 by Byker2, whilst 1995 saw the 
publication of two books reviewing the subject, by Monk, Mortimer and Rosseinsky3 
and Grangvist. 4 Since then two shorter reviews have appeared in the literature, by 
Green5 in 1996 and Mortimer6 in 1997. 
This chapter of the thesis gives a brief overview of electrochromism to date, 
particularly introducing the background information and knowledge which was used in 
the present study. The aims of the current research are also detailed. 
1.2 Electrochromism Phraseology 
In addition to a sound knowledge of the elements of electrochemistry which underlie 
electrochromism (briefly detailed in Chapter 2, the experimental section), a basic 
understanding of terms and phrases used to describe the parameters defining 
electrochromic operation is a necessity prior to any study of electrochromic materials. 
This section explains and defines some such parameters. 
1.2.1 Contrast Ratio 
The intensity of colour change which occurs in any electrochromic system requires a 
quantitative measure. The commonly used term is the contrast ratio, CR: 
2 
CR=RjR 
where R. is the intensity of diffusely reflected light from the bleached (uncoloured) state 
and R,, is the intensity of diffusely reflected light from the coloured state. 
The contrast ratio for an electrochromic system is best quoted at a specific 
wavelength. 
1.2.2 Coloration Efficiency 
The coloration efficiency, q, represents the amount of electrochrome which may be 
coloured by one absorbance unit per unit charge: 
71= (a d)/Q = DA/Q 
where a is the linear absorption coefficient, d is the electrochromic film thickness, 
.A is the optical absorbance change and Q is the charge injected per unit area 
1.2.3 Electrochromic Response Time 
The response time, 'r, of an electrochromic system is defined as the time required for 
the electrochromic material to change from its bleached state to its coloured state (or 
vice versa). The fastest response times presently reported are of the order of 20 ms, 
e. g. for Prussian Blue. However the conditions used in determining this and other 
such rates are not defined and as such, there can be no real collation or comparison of 
results. 
1.2.4 Write-Erase Efficiency 
When an electrochromic material is switched from the bleached to the coloured state, 
a certain percentage of this coloration may then be bleached again (a write-erase 
cycle). This percentage of the originally formed coloration which may subsequently 
be electrobleached is termed the write-erase efficiency for that particular 
electrochromic material. Efficiencies must approach 100 % for a successful 
electrochromic device to be constructed. 
1.2.5 Cycle Life 
The number of write-erase cycles which may be performed before an electrochromic 
device will suffer changes causing failure, is termed the cycle life of the device. The 
cycle life is in other words a measure of the stability of the device. To date, tests to 
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determine cycle life of electrochromic devices have produced results with limited 
usefulness. This is because the best way to determine deterioration of such a cell is by 
observing visually when changes occur that would affect the operation, obviously a 
test which relies entirely upon personal judgement. 
1.3 Potential Applications of Electrochromic Materials 
Materials which exhibit persistent and reversible electrochromic changes attract great 
interest because of their many possible applications. The property of electrochromism 
allows `passive', i. e. not light emitting, device construction with controllable light 
transmission or reflection properties. Electrochromic devices (ECDs) can be thought 
of as thin-layer rechargeable batteries whose energy content or charge is optically 
indicated. A variety of electrochromic devices' such as car rear-view mirrors, displays, 
information boards and sunglasses have already been commercialised. If current 
research into electrochromism succeeds many more such practical applications will be 
realised. Obviously properties such as those defined in the phraseology section above 
must be optimised in order for successful electrochromic devices to be constructed and 
many electrochromic systems have been studied extensively in an attempt to reach this 
aim. 
1.4 Current Display Technology 
This section details current display technology, advantages and disadvantages, and 
compares these with properties of electrochromic device prototypes. 
1.4.1 Cathode Ray Tubes (CRTs) 
CRTs can produce images of great clarity and complexity in many colours as in the 
television. These images change rapidly and appear to move smoothly. However 
there are many disadvantages to this technology. Mechanical problems include the 
maintenance of a high vacuum system, large screens require large electron guns and 
the curvature of the screen prohibits wide angle viewing. In addition, the screen 
pigments include expensive rare earth metal compounds, the electron gun is energy 
intensive and fabrication of the CRT is costly. Despite this, due to the sheer scale of 
production, relatively low cost manufacture has been achieved. 
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1.4.2 Liquid Crystal Displays (LCDs) 
LCDs produce sharp images with excellent clarity, although external lighting is usually 
necessary since the displays are passive. Power consumption and the cost of system 
manufacture are much lower compared with the CRT. However it is important to note 
that image persistence requires a constant power input since LCD displays have no 
inherent memory. This type of display is flat and the need for the front glass face to be 
exactly parallel with the back plate for uniformity of field is an important requirement 
of LCD technology. This is a relatively easy requirement to meet for a small display, 
but much more difficult as the display becomes larger. Another problem involved with 
large area LCDs is addressing a large number of picture elements (pixels). Due to 
monochrome images being produced stippling is used for tonal variation if block 
colour is undesirable. Colour LCD devices are still comparatively rare and expensive. 
1.4.3 Light Emitting Diodes (LEDs) 
LEDs are devices which include 'p, n junctions' of semiconductors. A junction of such 
regions has unidirectional, rectifying effects on the passage of current. With suitable 
populations of dopants, driving electrons by appropriate applied potentials across the 
junctions results in the recombination of electrons and holes. This is accompanied by 
quite intense light emission. Many instrument panels use LED technology in the form 
of glowing red number indicators. Until recently LEDs have been solely inorganic but 
novel LEDs comprising conductive organic polymers have been described. 
1.4.4 Electrochromic Materials for Use as Displays 
Electrochromic devices (ECDs) have competition, from the established CRT and LCD 
displays, for commercial viability. However it is important to note that ECDs possess 
many advantages over present technology. Initially power consumption of an ECD is 
relatively large for a 'write-erase' operation compared with an LCD. Significantly 
though, maintenance of the image requires little or no additional input of power, i. e. 
ECDs have good open circuit memory. The coloured state is stored without energy 
consumption, obviously an advantage over LCDs when a display figure is not changed 
frequently. An ECD may be either flat or curved for wide-angle viewing. Multiple 
electrodes allow text and images to be displayed rather than simple blocks of colour. 
5 
Colour intensity is charge dependent, i. e. more of the coloured compound is formed as 
the charge increases and tonal variation may be achieved by stippling with dots, as in 
LCDs. 
Disadvantages of ECDs include the need for external lighting under certain conditions 
for image visibility and the possibility of problems with storage and construction when 
liquid electrolytes are employed. Also, a technical problem with large area ECDs is 
that patchy areas form when the current distribution is uneven across the electrode 
surface. It is important however to note that although at present there are some 
operational difficulties with most ECD prototypes, there are already several available 
commercially. 
1. S Electrochromic Systems 
There are many electrochromic systems which have been considered for inclusion in 
ECDs. Some have received great interest from the start but there are still many 
systems on which little work has been published. 
In 1995, Monk, Mortimer and Rosseinsky published a book3 intended to give a 
complete overview of the whole subject of electrochromism. There have been many 
previous reviews, but such works often tackled the topic from a more-or-less applied 
angle, e. g. covering one type of application or concentrating on a single class of 
electrochrome. Mastragostino8 showed in a brief survey that the electrochromic 
performance of conducting polymers meets the most important requisites for their use 
in electro-optic devices. Grangvist4 looked at electrochromic materials in terms of 
how a knowledge of microstructure can lead to schematic electronic band-structure 
models capable of explaining particular optical properties amongst the metal oxides. 
Bohnke9 produced a review on chromogenic materials which gave a very brief 
overview of electrochromism including some basic underlying science and some 
classification of electrochromic systems. The following sections describe both 
inorganic and organic chemical systems being considered at present for use in 
electrochromic applications. 
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1. S. 1 Inorganic Electrochromes 
(a) Metal Oxides 
The intense optical absorption shown by the metal oxides is due to optical intervalence 
charge transfer (CT), 1° i. e. an electron is excited to a similar, vacant orbital on an 
adjacent ion or molecule. Before electroreduction tungsten trioxide is pale yellow in 
hue, with all tungsten sites having identical oxidation states of +VI. Electron transfer 
from an electrode to W' (reduction) forms some Wv centres, and the blue form of the 
electrochrome is produced. Complete reduction of the W" sites to form Wv would 
not result in more intense absorption since only one of the two valence species would 
be present - intervalence transitions appear only when both redox states are present. 
There is substantial literature10 on mixed-valence systems in general, mostly non- 
metallic, many of which could be electrochromic. Homonuclear systems (comprising 
different oxidation states of the same element) and heteronuclear systems (comprising 
different elements in suitable oxidation states to permit optical CT) are included. 
Tungsten Trioxide 
Deb" made the discovery in 1969 that thin films of tungsten trioxide exhibited 
electrochromism. It was this discovery that initiated the serious quest for an 
electrochromic device. Faughnan and Crandall12 and Grangvist13 have both produced 
good introductions to the electrochromism of WO3. 
Following Deb's experiments in 1969 on solid W03, significant progress ensued in 
1975 when a device with W03 in contact with liquid electrolyte was made by 
Faughnan and Crandall. 14 Alternative thin-film W03 devices incorporate solid polymer 
electrolytes. '5 Such cells have longer response times and also poorer open-circuit 
memory, but such liquid-free devices are preferred for their robustness. WO3 in 
aqueous acidic electrolytes is more durable if the electrochrome-electrolyte interface is 
protected with a very thin layer of Nafion®16 although charge transport through this 
layer is quite slow. 
The tungsten trioxide lattice has the distorted rhenium trioxide structure. A 
spectroelectrochemical study of WO3 coloration'? established that electrochemical 
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coloration was accompanied by two optical absorption steps which are due to either a 
structural rearrangement, or follow some charge diffusion phenomenon. 
Tungsten trioxide as a thin film exists either in an amorphous or a micro-crystalline 
state. The method of film preparation dictates the morphology of the tungsten trioxide 
formed, e. g. Deb's evaporated WO318 was shown to be amorphous by X-ray diffraction 
(XRD), whereas WO3 films prepared by RF-sputtering19 are partially crystalline. Other 
methods of film preparation include chemical vapour deposition20, so]-gel/thermal 
curing21, dip-coating procedures22 and more recently, WO3 preparation by 
electrodeposition23 has been studied. 
Pure bulk tungsten trioxide is pale yellow. The colour of the WO3 actually deposited 
depends on the method of preparation, thin films sometimes showing a slight pale-blue 
tint owing to oxygen deficiency. The mechanism for electrochromic coloration of 
WO3 is understood to involve the dual uptake of an electron and a counter cation. 
This reductive process forms a series of tungsten `bronze' compounds. 
Cobalt Oxide 
Films of cobalt oxide have been grown anodically on cobalt metal in 1M NaOH 
electrolyte. The films are blue, 24 soon becoming brown23 on standing. Behl and 
Toni, 26 in agreement with Benson, 27 state that many electrochromic colours arise, 
including white, pink, brown and black, presumably from varying oxide/hydroxide 
compositions and composition-dependent CT absorptions. 
Electrochromic films of cobalt oxide may also be prepared by electrodeposition from 
aqueous solutions. 28 For such electrodeposited material, the electrochromic colour 
change is green to brown. 
Films of LiCoO2 have been prepared by a number of techniques, 29 with the product of 
RF-sputtering (using powdered LiCoO2 and slow deposition) having the best optical 
properties. 30 The films produced are polycrystalline in nature. 31 Electron transfer to 
the LiCoO2 electrochrome, immersed in a LiC1O4-propylene carbonate solution, results 
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in an electrochromic colour change from deep brown to transparent, 32 accompanied by 
the removal of Li+. 
Vanadium Pentoxide 
Such films may be prepared by spin-coating, 33 evaporation in vacuo34 or more 
commonly by reactive RF-sputtering. 35 Films deposited by evaporation are 
amorphous34a while films of sputtered V205 are crystalline. 35a ` The electrochromism 
of thin-film V205 was first mentioned in 1977 by Gavrilyuk and Chudnovski. 36 The 
electrochromic colour transition is very pale blue to brown/yellow. Since the contrast 
ratio (CR) for such films is not great the system is currently being investigated for 
possible use in ECDs as the secondary electrochromic layer for counter-electrode 
use. 34b, 35a, b 
Indium Tin Oxide 
This is a familiar semi-conducting thin film used as a conductive coating in the 
construction of optically transparent electrodes (OTEs). 37 The intrinsic 
electrochromism of Indium Tin Oxide (ITO) is weak, the ITO film being colourless 
when oxidised and a very pale brown colour following reduction. The usual 
preparation method is to use RF-sputtering38 although Svensson and Granqvist have 
examined ITO films prepared by electron beam sputtering. 39 Cogan et a!. 4° and 
Goldner and Yu et al. 41 have studied the insertion of Li' into ITO. Irreversible 
insertion can cause the failure of ITO-based devices - the lack of reversibility may 
possibly be due to the formation of a thin surface layer of In! as a reduction product on 
the electrolyte-facing side of the film d2 
Due to the inherently weak electrochromism of ITO, it has only been incorporated into 
ECDs as a counter electrode material rather than as the primary electrochrome. 43 
Mixed Metal Oxides 
Recently films of metal oxide containing other metal oxides have been prepared. Such 
mixtures are often said to be `doped'. Profound effects on the spectroscopic 
characteristics of the material, its conductivity and the potential window available for 
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electrochromic operation can occur in the presence of even small amounts of a guest 
oxide within the electrochromic host. 
(i) Tungsten Trioxide Mixtures 
Metals such as platinum and gold" have often been used to dope WO3 electrochromic 
films. Barium, 45 cobalt or nickel, 23b, '-, 46 molybdenum, 47 tin48 and titanium49 have also 
been used. It has been shown that the oxides of Ag, Co, Cr, Cu, Fe, Mo, Ni, Ru or Zn 
can each be incorporated into a WO3 matrix. ` Films containing Co, Ni or Zn were 
the most promising in terms of contrast ratio (CR) and durability whereas films 
containing Ag or Cu were not found to be very useful as they tended to form metallic 
products during reduction rather than yielding the desired doped-oxide product. 
(ii) Cobalt Oxide Mixtures 
Cobalt oxides doped with Cu, Ni, Mo, W and Zn have been prepared by 
electrodeposition2Sc so and electrochromic oxides have been grown on cobalt/nickel 
alloys. 5' The product of reduction after incorporation of additional metal oxides is 
brighter blue than for the pure CoO host and the films are physically stronger. 
(iii) Vanadium Oxide Mixtures 
Vanadium pentoxide containing Cu, Ag or Au has been formed. Films containing the 52 
gold were reported as being superior. The electrochromism reported for Au-V205 has 
a possible colour change of red-violet to violet to green. Films containing Cr and Nb 
have also received some attention, 53 as have Ti02-V205 films. 54 
(b) Phthalocyanine Compounds 
Recently new rare-earth phthalbcyanines have been used as electrochromic species in 
ECDs. Molecular metallo-organic phthalocyanines have been employed as pigments in 
the dyestuffs industry for many years. There are two stoichiometries that metallo- 
organic complexes may take. A metal ion resides either at the centre of a single 
phthalocyanine ring or, for the more common bis(phthalocyanines), between two rings 
in a sandwich-type compound. The method of Moskalev and Kirin" in which a rare- 
earth metal acetate reacts with 1,2-dicyanobenzene is generally used to prepare the 
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rare-earth phthalocyanines. Sublimation of samples made in this way is the best 
method of purification, forming thin films of rare-earth phthalocyanine. Such films are 
vividly coloured, even in their neutral form. 
Lutetium bis(Phthalocyanine) 
Lu(pc)2 (where `pc' represents one phthalocyanine ring) is the phthalocyanine 
compound which has received the most attention. Collins and Schiffrin56 and 
Nicholson and co-workers" have studied this compound extensively. 
Fresh Lu(pc)2 films are brilliant green in colour (X = 605 nm). 56a These films maybe 
oxidised to a yellow/tan form, with a red product being produced on further 
oxidation. 57a, f 58 Electroreduction of green Lu(pc)2 forms a blue-coloured film, 19 with 
further reduction yielding a violet/blue product. 57 
The lutetium bis(phthalocyanine) system has been recognised since 1970 as truly 
polyelectrochromic. 60 However, only the blue to green transition is usually used in a 
bi-electrochromic device. Due to experimental difficulties no ECD incorporating 
61 Lu(pc)2 has yet been marketed, although many prototypes have been constructed. 
Although response times of phthalocyanine electrochromic devices are somewhat slow, 
the open-circuit life-times of all the colours are very impressive. 57 
Other Metal Phthalocyanines 
The electrochromic nature of cobalt, tin(IV), tin(IV) dichloride, molybdenum, copper 
and metal-free (i. e. di-hydrogen) phthalocyanines has been reported by Collins and 
Schiffrin. 56' The metal-free and the copper phthalocyanines showed no electrochromic 
behaviour in the potential ranges employed, whilst all the other salts showed limited 
electrochromism. Phthalocyanines of neodymium, americium, europium, thorium and 
gallium have been prepared by Moskalev et a1.. 39' A lot of other work has been 
performed by Silver and co-workers, such as studies on molecular phthalocyanine 
electrochromes of chromium, 
62 europium, 63 iron, 64 manganese, 65' 62b titanium, 
66 
ytterbium, 67 zinc' 68 and zirconium. 63' 69 This same research group also prepared a 
mixed phthalocyanine system70 with response times reportedly superior to that for 
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single-component films. The electrochemistry of ytterbium bis(phthalocyanine)7' has 
been found to be virtually identical to that of lutetium bis(phthalocyanine). 
While lanthanide-containing species form bis(phthalocyanines), transition-metal 
phthalocyanines contain only a single pc ring. Electrochemistry of Lu(pc)2 generally 
occurs on the ligand with electron transfer to the central lutetium causing molecular 
dissociation. 72 On the other hand, both chromium and manganese mono- 
phthalocyanines undergo valence change during oxidation or reduction. 62b 
Cobalt phthalocyanine systems in which two or four Co(pc) units are connected by 
chemical links73 and tetrasulphonated cobalt and iron phthalocyanine systems74 have 
been studied by Lever and co-workers whilst Kashiwazaki and co-workers used a 
plasma technique to effect polymerisation, and studied polymeric ytterbium 
bis(phthalocyanine). 75 
Other Related Species 
Cobalt octamethoxy-phthalocyanineS6" and octacyanophthalocyanines76 have been 
studied and lutetium bis(octaalkylphthalocyanine)" has been reported. Also 
naphthalocyanine species, which are structurally similar to the simpler phthalocyanines, 
have received some attention. It has been reported78 that such species show an intense 
optical absorption at high wavelengths owing to electronic processes within the 
extended conjugation system of the ligand. The electrochromism of the 
pyridinoporphyrazine system has also been considered. 79 The same workers also 
looked at cobalt at the centre of a single ring. 
(c) Prussian Blue 
Ever since the accidental discovery of iron blue in 1704 by Diesbach, 80 a Berlin colour 
manufacturer, this bright-coloured substance has been in great demand by the 
industries and the arts. Ferric ferrocyanide, iron(III) hexacyanoferrate(II) or Prussian 
blue (PB) has a long history both in co-ordination chemistry and as a pigment. 81 Only 
relatively recently (1978) however was the electrochemistry and electrochromism of 
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PB first reported. 82 Since then numerous studies have been made using PB and some 
of its analogues, and various reviews have been produced on this work. 83 
PB is a polynuclear transition metal hexacyanometallate; part of an important class of 
insoluble mixed valence compounds84 with the general formula M'k[M"(CN)6]1, where 
k and I are integrals and M' and M" are transition metals with different formal 
oxidation numbers. In the case of PB the two transition metals are the two common 
oxidation states of iron, Fern and Fe". Preparation of PB can easily be demonstrated by 
mixing aqueous solutions of either a ferricyanide salt with a ferrous salt or a 
ferrocyanide salt with a ferric salt. 
The composition of PB solids is extraordinarily preparation sensitive. Although 
numerous investigations were carried out with PB, the details of its crystal structure 
and even the analytical composition were for a long time only partly resolved. PB has 
been described in two formulations, the `soluble' form, KFcP[Fe1(CN)6] (s-PB) and 
the `insoluble' form, FcP4[FeP(CN)6]. 6H2O (i-PB). The common names have historical 
peptization rather then actual solubility connotations. Keggin and Miles"S produced 
the first structural hypothesis suggesting a face-centred cubic lattice structure for s-PB. 
In this model the high-spin ferric and low-spin ferrocyanide sites are each octahedrally 
surrounded by -NC and -CN units respectively, with the K+ counter ion being in an 
interstitial site. The structure of i-PB described in the single crystal study by Ludi et 
a1.86 is also a cubic lattice, but one-fourth of the Fe°(CN)6 units are missing. Instead 
the nitrogen sites are occupied by water molecules co-ordinated to FeF sites with as 
many as eight additional water molecules located interstitially. 
Preparation of PB Thin Films 
Electroless deposition87 and sacrificial anode methods" have been described. However 
PB thin films are generally prepared by the original method based on electrochemical 
deposition. 82 Through the electroreduction of solutions containing iron(III) and 
hexacyanoferrate(III) ions PB films can be electrochemically deposited onto a variety 
of electrode substrates. These films are obtained from solutions containing equimolar 
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amounts of ferric chloride and potassium ferricyanide. A one-to-one complex between 
the ferric ions and ferricyanide ions forms in such solutions. 
Figure 1.1 shows how PB can be partially oxidised to Berlin green (BG), wholly 
oxidised to Prussian brown (PX), actually yellow in thin film form, or reduced to 
Prussian white (PW), a colourless compound. 
[FeFFe1(CN)6]' _ [FemFel6+(CN)6](8'). + 
PB 
[FemFeII(CN)6]' 
PB 
[FeWFeII(CN)6]' +e 
PB 
BG 
_ [FeWFef(CN)6]o 
PX 
_ [Fe11Fe°(CN)6]2" 
PW 
Figure 1.1 Oxidation and reduction of Prussian blue 
Se 
+e 
For all the redox reactions above there is a concomitant ion movement into and out of 
the films for electroneutrality. 
Prussian Blue Analogues 
Other polynuclear transition metal hexacyanometallates84 (Prussian blue analogues) 
that have previously been reported as thin films were discussed in a section of Monk, 
Mortimer and Rosseinsky's electrochromism book. 3 Whilst the majority are expected 
to be electrochromic, absorption spectra as a function of redox state have rarely been 
reported and to date only ruthenium purple and osmium purple89 have been used in 
prototype ECDs. The electrochromism of copper90 and vanadium9' hexacyanoferrates 
has also been studied with reports of visual observations of coloured states. However, 
other metal hexacyanoferrates have only been reported as modified electrodes. Their 
electrochromic potential has not been commented on. 
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1. S. 2 Organic Electrochromes 
La)ipyridilium Systems 
A major group of electrochromes are the 1,1'-di-substituted-4,4'-bipyridilium salts. 
There are several excellent reviews of this field, as detailed in Chapter 3. The literature 
of these compounds contains many trivial names; the most common being `viologen' 
following Michaelis who noted the violet colour formed when 1,1'-dimethyl-4,4'- 
bipyridilium undergoes a one-electron reduction to form a radical cation. 92 93 Thus the 
nomenclature for this species is methyl viologen (MV). 
There are three common bipyridilium redox states as shown in Figure 1.2: a dication 
(bipm2), a radical cation (bipm+') and a di-reduced neutral compound (bipm°). The 
colourless dication is the most stable of the three and is the species purchased or first 
prepared in the laboratory. 
+\+ 
-R (bipm2+) 
2XG 
R2< -R (bipm+) 
R- -R (bipmO) 
Figure 1.2 The three common bipyridyl redox states 
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The viologens can undergo two successive electron-transfer steps, initially from the 
dication, to the radical cation and then to the neutral species. Electrochromism occurs 
in the bipyridiliums because the radical cations formed on electroreduction are 
intensely coloured, due to an optical charge transfer between the +1 and zero valent 
nitrogens. A suitable choice of nitrogen substituents to attain the appropriate 
molecular orbital energy levels, can in principle allow a choice of colour for the radical 
cation. These radical cations are amongst the most stable organic radicals. In solution 
the colour of the radical will persist almost indefinitely in the absence of oxidising 
agents like ferricyanide, although its reaction with molecular oxygen is particularly 
rapid. 94 Comparatively little is known about the third redox state, the di-reduced 
neutral compounds. The intensity of colour exhibited by bipm° species is low since no 
optical charge transfer or internal electron transition corresponding to visible 
wavelengths is accessible. 
The first ECD using bipyridilium salts was reported by Schoot et al. 95 in 1973. They 
had submitted Dutch patents in 1970 for systems using heptyl viologen (HV, 1,1'- 
diheptyl-4,4'-bipyridilium) as the electrochrome. The electrochromic device (ECD) 
had a CR of 20: 1, an erase time of 10 to 50 ms and a cycle lifetime of more than 105 
cycles. HV was used in this ECD because reduction of the dication to the radical- 
cation formed a durable film on the electrode whereas shorter alkyl chains yielded 
radical-cation salts which were slightly soluble. HV is the bipyridilium species most 
widely studied for electrochromic applications. This is due to its ability to form an 
insoluble adherent film of crimson radical-cation salt on an electrode surface following 
a one-electron reduction. Van Dam and Ponjee examined the relationship of the alkyl 
chain length and the film-forming properties of the radical-cation as the bromide salt. 
They reported that the heptyl chain produced the first truly insoluble viologen radical- 
cation salt. The radical cations of viologen species containing short alkyl chains have a 
blue colour (blue-purple in concentrated solution) becoming crimson as the alkyl chain 
length increases. The increase in crimson colouring is largely due to an increasing 
incidence of the red radical-cation dimer. 97 Despite the large amount of information 
available in the literature about HV as used in ECDs, the most extensive literature 
regarding the chemical properties of bipyridilium compounds concerns MV. 
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Using aqueous MV as the electrochrome, as for any of the short alkyl chain viologens, 
the dication and radical-cation states are soluble in water and any ECD using these 
bipyridiliums would have the limitations of a low write-erase efficiency. It has been 
demonstrated in MV based ECDs that the write-erase efficiency may be improved, i. e. 
the rate at which the radical-cation product of the electron transfer diffuses away from 
the electrode and into the bulk solution may be retarded. This is possible either by 
tethering the dication to the surface of an electrode (a `derivatised' electrode) or by 
immobilising the viologen species within a semi-solid electrolyte. Wrighton et al. 98 
have often derivatised electrodes with bipyridilium species. Initially they used 
substituents at the nitrogen centre which consisted of a short alkyl chain terminating in 
a trimethoxysilyl group. This group is able to bond to the oxide lattice on the surface 
of an OTE. A different method of ensuring a high write-erase efficiency is to embed 
the bipyridilium salt within a polymeric electrolyte. In other words the electrostatic 
binding of bipyridilium cations into an anionic polyelectrolyte film. Poly-2-acrylamido- 
2-methyl propane sulphonic acid (poly AMPS) has been successfully used in ECDs for 
incorporating MV99 and HV10° by electrostatic binding. Another approach is to 
incorporate bipyridiliums into films of the sulphonated perfluorinated polyether 
Nafion®. This was described for MV at both a single film Nafion® modified electrode 
and at a bilayer electrode where Prussian blue was the inner layer. 1°' 
(7) Electroactive Conducting Polymers 
Many aromatic species form solid conducting polymers following electron transfer, 
e. g. aniline, pyrrole or thiophene which form polyaniline, polypyrrole and 
polythiophene respectively. There are two ways in which the heterocycle can be 
polymerised - either chemically, e. g. using a radical initiator like dibenzoyl peroxide or 
electrochemically, where the monomer in electrolyte solution polymerises to form a 
film of polymer on an electrode at a certain potential. All conducting and redox-active 
polymers are potentially electrochromic in thin-film form. Conducting polymers are 
permanently solid electrochromes. Redox changes in the polymer introduce doping 
with counter ions and, since new energy levels are filled or become vacant, new optical 
absorption bands are formed in accompaniment with transfer of the electron. 
Polypyrrole-type films exhibit electrochromism because the oxidised (doped) and 
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reduced (undoped) states show different colours. The field of conducting-polymer - 
electrochromes has most recently been reviewed by Monk, Mortimer and Rosseinsky, 3 
with other works including Gazard, 102 Mastragostino103 and Hyodo. 104 Many 
conducting polymers have been used in ECDs. 105, °6 
1.6 Solid Electrolytes for use in Electrochromic Devices 
A selection of solid electrolytes have been used in ECDs. 1°7 The electrolyte layer 
within such a solid ECD functions as both an ionic conductor between the electrodes 
and as a source or sink for ions moving through the electrolyte/electrochrome 
interfaces during electron transfer. Semi-solid organic electrolytes are much in vogue 
owing to the relative ease of device fabrication. ECDs containing such polymer 
electrolytes are conveniently constructed, since primary and secondary electrochromes 
can be prepared separately on their respective conducting substrates. The two halves 
of the device are then joined using intervening electrolyte as an adhesive layer between 
them. 
The polyelectrolyte poly-2-acrylamido-2-methyl propane sulphonic acid (polyAMPs), 
which contains proton donor moieties at regular intervals along its backbone, has been 
successfully used in ECDs incorporating viologens. Another approach which has been 
adopted for constructing viologen ECDs is to use the perfluorinated ion-exchange 
polymer Nafion . In the current 
investigation three electrolyte materials are used: 
Nafion® (Du Pont), DAIS (DAIS Corporation) and Flemion (Asahi Glass Co. Ltd. ). 
Descriptions of these materials follow. 
1.6.1 Nafron0 
Nafion® products, manufactured by E. I. Du Pont de Nemours & Co., Inc., are 
perfluorinated ion-exchange polymers, prepared as the copolymer of 
tetrafluoroethylene and perfluoro [2-(fluorosulfonylethoxy) propylvinyl ether]. 
Nafion® membranes incorporate the poly(tetrafluoroethylene) like backbones with the 
perfluorocarbon sulphonate groups as side chains. The structure of Nafion® is shown 
in Figure 1.3. 
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(CF2-CF2)11-CF-CF2 ,z 
(62-CF)m-OCF2-CF2-SO3H 
CF3 
where m is nearly unity and n varies from 5 to 10, thus generating polymers 
with equivalent weights in the range ca. 1000-1500. 
Figure 1.3 Structure of Naflono 
Nafion® materials combine the extraordinary chemical and thermal stability of a 
Teflon® backbone with the super-acidity and selective permeability of sulphonic acid 
functional groups. Gierke et a1.1°8 proposed an ionic cluster model for the structure of 
Nafion®, in which hydrophilic ion-exchange sites, counterions and water are phase- 
separated from the hydrophobic fluorocarbon backbone material. Yeager and Steck109 
modified Gierke's spherical ionic cluster model, and proposed the presence of an 
interfacial region between the ionic clusters and the hydrophobic fluorocarbon 
backbone. Ogumi and co-workers1° studied the permeation of hydrogen and oxygen 
through Nafion® membranes, and concluded from their results that this interfacial 
region is not simply an interface, but consists of a flexible amorphous part of 
fluorocarbon backbones. 
It was therefore proposed that Nafiono possesses an inverted micellar structure, with 
spherical clusters (40-50 A diameter) lined with sulphonic acid groups. The structure 
of Nafion® has been described in terms of a cluster network model with three regions: 
a hydrophobic organic fluorocarbon matrix, an ion-cluster region containing sulphonic 
groups, counter-ions and water, and the third region with 10 A channels connecting 
the ionic clusters and containing water and some ions. Despite the predominance of 
hydrophobic regions, the polymer has the ability to absorb relatively large quantities of 
water and other protic materials causing swelling of the polymer, thus exposing a 
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a greater number of ion-exchange sites. 
While the above description based on the ionic cluster-network connected by pores 
proposed by Gierke et al. has been generally accepted, there are major difficulties for 
polymer chemists in this model due to the concept of ionic cluster reorganization with 
changing water content. In 1996 Litt"' reevaluated the morphology of Nafion®, 
discussing the possiblity of a morphology that does not conflict with polymer physics 
and also provides a simpler rationalization of the literature data than does the accepted 
model. 
The perfluorinated cation exchange sites in Naflon® cause the material to be 
permeable to cations while rejecting anions. There is ample evidence which suggests 
that Nafion® (both as thin films and as bulk membranes) shows remarkable affinity 
for hydrophobic cations. 
Extensive studies have been conducted and reported for the commercial application of 
Nafion® covered electrodes. These have included the use in fuel cells, ' 12 as ion- 
selective electrodes, 113 as sensors"4' 115 or in ECDs. Review articles describing the 
synthetic utility of Nafion® and it's derivatives, and the use of metal-cation-exchanged 
Nafion® have been published. ' 16 
1.6.2 DAIS 
Siperco et al. 117 sought to mimic the inverted micellar structure that has been 
proposed for Nafion® by using inexpensive sulphonated, hydrocarbon-based block 
copolymers. They recognised that the rich array of microphase separated 
morphologies often exhibited by block copolymers would provide an opportunity to 
link good ionic conductivity, through water swellable microdomains, with low 
material cost and desirable mechanical properties. Currently the DAIS Corporation is 
marketing a patented base polymer designed to be an alternative fuel cell membrane. 
The DAIS 585 polymer was developed to meet the low cost criteria of the fuel cell 
product line. The structure of DAIS 585 is shown in Figure 1.4. 
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-(CH2CH-CH2CH) f (CH2CH2)(CH2CH[CH2CH3])-a-(CH2CH--CH2CH)- 
OO 
SO3H SO3H 
Figure 1.4 Structure of the Sulphonated 
Styrene-EthyleneButylene-Styrene Triblock Polymer (DAIS 585) 
DAIS 585 is a sulphonated styrene-ethylene/butylene-styrene triblock copolymer. The 
material is an elastic, hydrocarbon-based hydrogel with good cation exchange ability 
and optical transparency. The block copolymer contains approximately 29 wt. % 
styrene units with sulphonation levels, based on styrene units, ranging from 15-60%. 
Transmission electron microscopy suggests that films of the DAIS 585 material 
possess cylindrical sulphonated polystyrene domains. The extent of water uptake and 
swelling of the polymer depends on the sulphonation level and as swelling occurs the 
cylindrical sulphonated domains become interconnected, thus leading to the high 
conductivity of this material. When fully hydrated, films in the acidic form have ionic 
conductivities of greater than 7x 10"2 S/cm which compare favourably with those 
exhibited by Nafion®. 
Rider et aL"8 have investigated the DAIS 585 copolymer using it as a coating for 
applications involving chemically modified electrodes. Two kinds of electroactive 
species, ferrocenylmethyl trimethyl ammonium ion and methyl viologen, were used to 
investigate the behaviour of ionomer-modified glassy carbon electrodes. 
1.6.3 Flemion 
A high performance ion-exchange membrane called Flemion was developed by Asahi 
Glass Co., Ltd. for application in the chlor-alkali industry. The perfluorocarboxylate 
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polymer is prepared by the copolymerization of tetrafluoroethylene and carboxylated 
perfluorovinyl ether. The structure of Flemion is shown in Figure 1.5. 
-(CF2-CF2)X (CF2-CF)y 
(OCF2CF)Fn O(CF2)n C-CP 
CF3 0 
where m=0 or 1 and n= 1-5 
Figure 1.5 Structure of Flemion 
The preparation, fabrication and fundamental properties of such perfluorocarboxylate 
polymers, together with the application of Flemion in chlor-alkali electrolysis has 
been summarised by Ukihashi and Yamabe. 119 Perfluorinated carboxylate ionomers 
have received little attention compared to sulphonated ionomers (such as Nafion(&), 
but the carboxylated ionomers show very interesting properties somewhat distinct 
from the sulphonated materials. For example, the reason that Flemion has found 
particular application as a medium for the electrolysis of brines and water is because 
of its comparatively greater ability to reject hydroxide ions than the 
perfluorosulphonated polymer Nafion®. 
The favourable properties of such polymeric materials are partly a consequence of 
their internal structure and this has thus initiated a significant number of structural 
studies. Comparative photophysical studies in Flemion and Nafion® have appeared in 
the literature, ' 20 concluding that the microenvironments of Flemion are more 
hydrophobic and less accessible to oxygen than those of Nafion®. Inaba et al. 121 
investigated oxygen permeation through perfluorinated carboxylate ion exchange 
membranes and discussed the diffusion path of oxygen in terms of morphological 
properties of the membranes. Their results lead to a conclusion that oxygen permeates 
mainly through a hydrophobic interfacial region, which consists of a flexible 
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amorphous part of the fluorocarbon backbones and an aggregated part of the side 
chains of the carboxylate membranes. 
1.7 Polyelectrochromism 
It can be envisaged that many potential applications of electrochromic materials could 
use devices where one or more electrochromes exhibit a whole range of different 
colours, corresponding to various redox states generated at particular values of applied 
potential. This could be achieved using a single-species electrochrome in which a 
series of oxidation states, each coloured, could be produced during a potential scan. 
On the other hand, mixed electrochromic systems could be used, with each component 
having its own switching potential, which would similarly effect multiple 
colour/potential responses. These two concepts involve single electrode systems 
where the whole electrochromic device is subject to the same applied potential. 
Another possibility could be to have a device comprising of individually connected 
micro-electrodes in arrays. Different regions of colour could then be generated by 
applying various single potentials to the individual pixels. 
An example of a single species polyelectrochromic system is PB which exhibits 
yellow/green/blue/colourless electrochemistry) 01' It has been demonstrated that the 
electrochromicity of PB can be extended to include a purple colour state using a 
mixed system. 101b In this novel method an outer layer of the perfluorinated 
polysulphonate cation exchange polymer Nafion® is applied to a PB film. The 
colourless/purple electrochromic 1,1'-dimethyl-4,4'-bipyridilium dication/radical 
cation (MV2+/MV+') system is incorporated by ion exchange into the Nafion®. The 
potentials (vs. SCE) for the PB system's different states range between +0.9 V and 0.0 
V and MV2+/MV+' occurs at -0.8 V. Thus the purple colour of MV+* (actually a 
mixture of blue MV+* with some red dimer) is now added to the range of the PB 
system. 
1.8 Aims 
The aim of the current research is to investigate a number of electrochromic systems 
with a view to extending the range of colours available in electrochromic devices. 
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This will be achieved by conducting detailed studies of certain electrochromic 
materials already under examination for potential electrochromic applications and also 
a number of their analogues. Properties such as kinetics of electrodeposition, colour 
switching times and coloured states as a function of applied potential will be probed 
using various electrochemical and spectroelectrochemical techniques. The 
electrochromic systems to be investigated will be Prussian Blue and its analogues and 
various bipyridilium systems, also studying bilayer systems with inclusion of the ion 
exchange polymer Nafion®. The overall aim is to investigate prototype 
electrochromic devices using such electrochromes and electrolytes. 
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Chapter 2 
Experimental 
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2.1 Electrochemical Measurements 
2.1.1 Theory 
Cyclic voltammetry 122 is perhaps the most versatile electrochemical technique for the 
preliminary study of electroactive species. Its versatility, combined with ease of 
measurement, has resulted in extensive use of this technique in the fields of 
electrochemistry, inorganic chemistry, organic chemistry and biochemistry. The 
effectiveness of cyclic voltammetry results particularly from its ability to rapidly 
observe redox behaviour over a wide potential range. 
Cyclic voltammetry comprises cycling the potential of an electrode which is immersed 
in an unstirred solution, and measuring the resultant current. The potential of this 
working electrode (w. e. ) is controlled vs. a reference electrode (r. e. ) such as a saturated 
calomel electrode (SCE) or Ag/AgCl. The controlling potential that is applied across 
these two electrodes can be considered as an `excitation signal'. The excitation signal 
for cyclic voltammetry is a linear potential scan with a symmetrical saw-tooth 
waveform. This signal sweeps the potential of the electrode (E) between two values, 
sometimes called the `switching potentials', and back again. The scan rate (v) is 
reflected by the slope of the waveform. Modem instrumentation enables switching 
potentials and scan rates to be varied very easily. 
The technique monitors processes occurring at one electrode by measuring the current 
when the potential applied to that electrode is varied steadily through a range which 
evokes an electron-transfer process. The current (I) is recorded as a function of the 
potential (E) impressed on the electrode over the entire cycle of the forward and reverse 
sweeps. The potential is varied steadily, the rate of which (scan rate) is kept constant. 
A cyclic voltammogram (CV) is a display of current (I) (vertical axis) vs. potential (E) 
(horizontal axis). 
The [Feu' (CN)6]3" / [Fell (CN)6]4" couple is known to be well-behaved both chemically 
and electrochemically and is thus often used as a model system in electrochemical 
experiments. It can be used to determine electrode areas and to diagnose problems 
associated with new electrochemical cell designs. A typical cyclic voltammogram for a 
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reversible system such as the potassium ferricyanide system is shown in Figure 2.1. 
[Fe" (CN)6]4 is `electrochemically' generated from [Fe's (CN)6]3 in the forward scan 
(as indicated by the cathodic current, Ipc) and is then oxidised back in the reverse scan 
(as indicated by the anodic current, IpA). The theoretical diagnostic requirements 
which define the complete reversibility of electron transfer processes within a system 
are outlined in Table 2.1. 
INS 
a. 
MI 1 
1 a. 
ýu 
su 
. 111' 
44 41 0 07 04 06 08 
N- J& v. i SCE 
t:, l 
tui 
ý. ý r" NU aVh 
lu 
VI 
r" W mv,. 
<ý 
r" IY wý'ýý 
a -I- 
«. 
Au 
"Iw 
. t: u 
U1 4l 7 vi YI Yf J# 
Iw: wn V"1 SCE 
4= peak potential 
Ip = peak current 
(A = anodic, C= cathodic) 
Figure 2.1 Cyclic Vollammograms for a Reversible Process 
1. AA, =4A-EpC=59hrmV 
2. I-F, p il = 59/n mV 
3. JIp"I IpcI =1 
4. IP a tin 
5. E, is independent of v 
6. at potentials beyond E,, 1-2 oc t 
Table 2.1 Diagnostic Tests for Cyclic Voltammograms of 
Reversible Electron Transfer Processes at 25 `C 
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Cyclic voltammetry is capable of generating a new oxidation state during the forward 
scan and then probing its fate on the reverse scan. It is a technique which can provide 
information on the reversibility of an oxidation/reduction process and also assist in 
determination of mechanisms and identification of intermediate species. It is obvious 
why cyclic voltammetry is such a popular and powerful technique for the initial studies 
of new systems. 
2.1.2 Instrumentation 
Preliminary electrochemical measurements were obtained using an E. G. &G. Princeton 
Applied Research (PAR) 173 potentiostat with a PAR 175 universal programmer and a 
PAR 179 digital coulometer, connected to a Goerz Servogor 790 chart recorder. 
Further results were obtained using a Sycopel Scientific Analytical Electrochemical 
Workstation 2 connected to a Toshiba Satellite 11OCS portable computer. No IR 
compensation was employed. 
a 
a= Working Electrode compartment 
b= Counter Electrode compartment 
c= Reference Electrode compartment 
d= Purge gas inlet 
e= Gas outlet 
Figure 2.2 Three Compartment Electrochemical Cell 
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A three compartment electrochemical cell of the type shown in Figure 2.2 was used for 
preliminary voltammetry investigations. Platinum wire (A = 0.20 cm), glassy carbon 
(GC) (A = 0.20 cm2) or indium-tin oxide (ITO) optically transparent conducting glass 
(A = 0.98 cm2) (Balzers, 20 S? /D) were employed as working electrodes (w. e. 's) with a 
platinum-mesh as the counter electrode (c. e. ). Both the counter and the reference 
electrode (r. e. ) were separated from the working electrode compartment of the cell by 
glass frits. 
The platinum wire working electrodes were pre-treated by immersion in concentrated 
sulphuric acid; anodisation, then cathodisation (2 minutes each at 100 mA in 0.5 mol 
dm 3 sulphuric acid), followed by washing with deionised water and finally air-dried. 
The other w. e. substrates, were simply washed in deionised water before use. 
Electrode potentials were measured and are quoted with respect to a Radiometer 
saturated calomel electrode (SCE) at 22 °C ±2T. Formal electrode potentials, E, 
were calculated from reversible CVs as Ef = (Ep + Ep")/2. All measurements were 
carried out in deoxygenated solutions by purging with N2 for at least 10 minutes prior 
to the on set of experiments. Further cyclic voltammetry studies were carried out in 
the spectroelectrochemical cell as detailed below. 
2.2 Spectroelectrochemical Measurements 
2.2.1 Theory 
The application of spectroscopic methods to electrochemical problems is rather 
broadly termed `spectroelectrochemistry'. Numerous spectroscopic methods have been 
adapted with the view to application in situ in an electrochemical cell. The greatest 
progress has been made using techniques which employ ultraviolet-visible light. 
The UV region of the electromagnetic spectrum comprises radiation with wavelengths 
from just below 10"' m up to about 3.5 x 10"' m- this region borders the visible region 
of the spectrum, which stretches on up to about 8x 10"' m. Hence UV light has a 
shorter wavelength, higher frequency, and therefore higher energy than visible light. 
Absorption of radiation in the visible and ultraviolet regions of the electromagnetic 
spectrum results in electronic transitions between molecular orbitals. 
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2.2.2 Instrumentation 
The first widely applied spectroelectrochemical technique was UV/vis spectroscopy 
using optically transparent electrodes (OTE). Our spectroelectrochemical cell was 
fashioned from a standard 1 cm pathlength polystyrene cuvette placed in the cell 
compartment of a PC-controlled Hewlett-Packard HP8452A diode array UV/vis 
spectrophotometer. ITO w. e. 's were prepared from tin-doped indium (III) oxide 
optically transparent conducting glass (Balzers, 20 Q/0). 9 mm x 55 mm strips of ITO 
glass were cut and transverse mounted in the cuvette. The c. e. was placed opposite 
the w. e. and consisted of a loop of platinum wire through which the light beam passed. 
The r. e. was a saturated calomel electrode (SCE). A machined polytetraethylene lid 
with appropriate holes held the Luggin capillary from the r. e. above the light-path and 
also kept the w. e. and c. e. in place. Visible absorption spectra were recorded in-situ in 
transmission either dynamically (during the electrodeposition process or on 
electrochromic colour switching of the films) or at fixed applied potentials. Results 
were taken using the kinetic and general scanning modes of the HP8452A operating 
software. The background absorbance of the ITO glass and polystyrene cuvette were 
subtracted from all spectra. 
2.3 Chemicals 
All measurements were carried out in de-oxygenated aqueous solution with potassium 
chloride (Aldrich) as supporting electrolyte unless otherwise specified. FeC13.6H20 
and K3Fe(CN)6 (for Prussian Blue deposition), 1,1'-di-methyl-4,4'-bipyridilium 
dichloride and 1,1'-di-n-heptyl-4,4'-bipyridilium dibromide were obtained from Aldrich 
and used as received. 
1,1'-di-ethyl-4,4'-bipyridilium dibromide, 1,1'-di-n-propyl-4,4'-bipyridilium dibromide, 
1,1'-di-n-butyl-4,4'-bipyridilium dibromide, 1,1'-di-n-pentyl-4,4'-bipyridilium 
dibromide 1,1'-di-n-hexyl-4,4'-bipyridilium dibromide, 1,1'-di-n-octyl-4,4'- 
bipyridilium dibromide, 1,1'-di-n-nonyl-4,4'-bipyridilium dibromide, 1,1'-di-iso- 
propyl-4,4'-bipyridilium dibromide, 1,1'-di-iso-butyl-4,4'-bipyridilium dibromide, 1,1'- 
di-iso-cinnamyl-4,4'-bipyridilium dibromide and 1,1'-di-allyl-4,4'-bipyridilium 
dibromide were prepared at the laboratories in Loughborough from 4,4'-bipyridine and 
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the respective alkyl bromide by the literature procedure, 123 as detailed in Section 2.4. 
The group of diquat compounds were synthesised by Dr. Oldrich Kocian (University of 
Birmingham) 124 as detailed in Section 2.4 and were used as received. 
The 5 wt. % 1100 EW Nafion 117 stock solution was obtained from Aldrich and diluted 
as detailed in Section 2.5. The 5 wt. % DAIS 585 solution was a gift from the DAIS 
corporation and the 5 wt. % Flemion solution was a gift from the Asahi Glass Co., Ltd. 
The DAIS 585 and Flemion stock solutions were diluted as described below 
for Nafion® and films were applied to the electrodes in the same manner for each 
electrolyte material. 
Prussian blue analogues were prepared as thin films using previous literature 
procedures as a guide as detailed in Section 2.6. The starting chemicals for these 
depositions were obtained from Aldrich and used as received unless otherwise stated in 
Chapter 5. 
2.4 Syntheses 
2.4.1 Viologens 
The majority of viologen syntheses prepare the dication salt due to the stability of this 
redox state. There are two synthetic routes available for dication preparation. The first 
involves the reductive coupling of 1-substituted pyridinium cations. The series of 1,1'- 
dialkyl-4,4'-bipyridilium compounds used in the present research were however 
prepared in accordance with Scheme 1 below, from the literature procedure detailed by 
Evans et al. 123 in their study of bipyridyl radical cations. This method starts with 4,4'- 
bipyridine and an excess of alkyl halide, and proceeds with diquaternisation to form the 
product. 
Scheme 1 
N\/N+ 2R-Br Ro i/ oR 
2Br 
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All solvents were reagent grade (Aldrich) and used as supplied except where noted. 
4,4'-dipyridyl and the appropriate alkyl bromides (1-bromo-ethane, 1-bromo-propane, 
1-bromo-butane, 1-bromo-pentane, 1-bromo-hexane, 1-bromo-octane, 1-bromo-nonane, 
1-bromo-2-methyl-propane, 2-bromo-propane, 3-bromo-propene, 3-bromo-l-phenyl-l- 
propene) were obtained from Aldrich and used as received. A mixture of the 
appropriate alkyl bromide (20.0 mmol), 4,4'-bipyridyl (5.0 mmol) and propanol or 
ethanol (50 cm3) was heated under reflux for 8 h. The reaction mixture was 
concentrated in vacuo and the yellow solid residue was washed with propanol or 
ethanol as appropriate. After evaporation of the solvent the product was dissolved in a 
1: 1 propanol or ethanol : water mixture and after recrystallisation the precipitate was 
filtered under suction, washed with water and dried. Yields, melting points and NMR 
data are summarised below. 
1,1 '-di-ethyl-4,4'-bipyridilium dibromide 
CH3CH2 NN CH2CH3 
Yield 45%, m. p. >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.15 (4H, d, bipyridine) 
8.55 (4H, d, bipyridine) 4.60 (4H, s, NCH2) 0.67 (6H, t, CH3). 
1,1 '-di-n-propyl-4,4'-bipyridilium dibromide 
CH3(CH2)2 ý/ \1-(CH 2)2CH3 
Yield 36%, m. p. >250 °C (decomp. ), 6H (250 MHz; d6-DMSO) 9.18 (4H, d, bipyridine) 
8.45 (4H, d, bipyridine) 4.65 (4H, s, NCH2) 1.3 - 2.6 (m, CH2) 0.89 (6H, t, CH3). 
1,1 '-di-n-butyl-4,4'-bipyridilium dibromide 
CH3(CH2)3 0/\° (CH2)3CH3 
Yield 65%, >250 °C (decomp. ), 6H (250 MHz; d6-DMSO) 9.16 (4H, dd, bipyridine) 
8.36 (4H, dd, bipyridine) 4.52 (4H, t, NCH2) 1.10 - 2.24 (m, CH2) 0.66 (6H, t, CH3). 
32 
1,1 '-di-n-penryl-4,4'-bipyridilium dibromide 
CH3(CH2)a \N (CH2)4CH3 
Yield 30%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.23 (4H, d, bipyridine) 8.45 
(4H, dd, bipyridine) 4.46 (4H, t, NCH2) 1.15 - 2.45 (m, CH2) 0.78 (6H, t, CH3). 
1,1 '-di-n-hexyl-4,4'-bipyridilium dibromide 
CH3(CH2)5 ýýýN (CH2)SCH3 
Yield 46%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.31 (4H, d, bipyridine) 8.34 
(4H, dd, bipyridine) 4.41 (4H, t, NCH2) 1.22 - 2.31 (m, CH2) 0.76 (6H, t, CH3). 
1,1 '-di-n-octyl-4,4'-bipyridilium dibromide 
CH3(CH2)ý NN (CH2)7CH3 
Yield 58%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.15 (4H, d, bipyridine) 8.60 
(4H, dd, bipyridine) 4.42 (4H, m, NCH2) 1.60 - 2.15 (m, CH2) 0.62 (6H, t, CH3). 
1,1 '-di-n-nonyl-4,4'-bipyridilium dibromide 
CH3(CH2)8? ý/ \1-(CH 2)8CH3 
Yield 65%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.20 (4H, d, bipyridine) 8.46 
(4H, dd, bipyridine) 4.32 (4H, m, NCH2) 1.38 - 2.25 (m, CH2) 0.87 (6H, t, CH3). 
1,1 '-di-iso-propyl-4,4'-bipyridilium dibromide 
(CH3)2CHý 'N CH(CH3)2 
Yield 44%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.26 (4H, d, bipyridine) 8.62 
(4H, d, bipyridine) 5.20 (2H, m, NCH2) 1.82 (12H, d, Me). 
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1,1 '-di-iso-butyl-4,4'-bipyridilium dibromide 
(CH3)2CHCH2 N\YN CH2CH(CH3h 
Yield 37%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.34 (4H, d, bipyridine) 8.56 
(4H, d, bipyridine) 4.76 (4H, m, NCH2) 2.20 (2H, s, CH) 1.76 (12H, d, Me). 
1,1 '-di-iso-cinnamyl-4,4'-bipyridilium dibromide 
C6H5(CH)2- N/ 
\ 
(CH)2C6H5 
Yield 76%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 8.57 (4H, d, bipyridine) 8.45 
(4H, d, bipyridine) 7.61 (10H, s, phenyl) 4.34 (4H, m, NCH2) 1.3 - 1.8 (m, CH2) 
1,1 '-di-allyl-4,4'-bipyridilium dibromide 
CH2CH-N N CHCH2 
Yield 39%, >250 °C (decomp. ), SH (250 MHz; d6-DMSO) 9.01 (4H, d, bipyridine) 8.95 
(4H, d, bipyridine) 5.25 (4H, s, CHF) 4.78 (m, NCH). 
2.4.2 Diquats 
Diquat and its benzo-15-crown-5 and 1,2-dimethyloxybenzene derivatives (2-4. PF6) 
were obtained in accordance with the Scheme 2 below, starting with 2,2'-bipyridine 
ligands 1-4 by reaction with 1,2-dibromoethane followed by anion exchange with 
ammonium hexafluorophosphate. 
All solvents were reagent grade (Aldrich) and used as supplied except where noted. 
Ammonium hexafluorophosphate and 1,2-dibromoethane were obtained from Aldrich 
and were used as received. 2,2'-Bipyridine ligands 2-4 were prepared as previously 
described by Homer and Tomlinson. 125 Diquat (1) was also synthesised by this 
literature procedure. 
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Scheme 2 
R' R' 
(1) BrCH2CH2Br 
N C6H5CI N. 
reflux 
Cö 
2PF6 
N' N 
(2) NH4PF6/H2O 
(1)R=R'=H Diquat. PF6 R=R'=H 
ý° ö c°' 
(2) R= Me, R' = OD Diquat2. PF6 R= Me, R'= 00 
OMe 
(3)R=R'= 
OMe 
OMe 
Diquat3. PF6 R= R' _O OMe 
OMe 
(4)R=Me, R'= - OMe 
OMe 
Diquat4. PF6 R= Me, R'= --- 
ýý OMe 
Synthesis of diquats 2-4. PFj- 
A mixture of the appropriate ligand 2-4 (1.0 mmol), 1,2-dibromoethane (5 cm3,58 
mmol) and chlorobenzene (5 cm3) was heated under reflux for 16 h. The reaction 
mixture was concentrated in vacuo, the dark red solid residue was washed with ether 
and purified by column chromatography on silica gel (eluent 7: 2: 1, MeOH: 1 mol dm 3 
aq. NH4C1: McNO2). After evaporation of the solvent the product was dissolved in 
water and treated with an excess of 50 % ammonium hexafluorophosphate solution. 
The precipitate was filtered off, washed with water and dried. In the case of diquat 
4.2PF6 the final purification was done on a column of Sephadex LH-20 using 
acetonitrile as an eluent. 
Synthesis of diquat. PF6 
A large excess of 50 % ammonium hexafluorophosphate solution was added to an 
aqueous of 6,7-dihydrodioyrido[1,2-a: 2,1-c]pyrazinium dibromide (diquat (1)). The 
precipitate was filtered off, washed with water and dried in vacuo. 
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Yields, melting points and NMR data are summarised below. 
Diquat2. PF6 
Yield 52%, m. p. > 250 °C (decomp. ), S. (400 MHz; CD3CN) 8.73 (1H, d, J 6, bpy H- 
6 '), 8.67 (1 H, d, J 2, bpy H-3 '), 8.57 (1 H, d, J 2, bpy H-3), 8.52 (1 H, d, J 6, bpy H-6), 
8.09 (1 H, dd, 3J 6,4J 2, bpy H-5% 7.93 (1 H, dd, 
3J 6,4J 2, bpy H-5), 7.89 (IH, d, J 
16, =CH-bpy), 7.33 (IH, dd, 
3J 8,4J 2, PhH-6), 7.22 (1 H, d, J 16, =CH-Ph), 7.20 (1 H, 
d, J 2, PhH-2), 6.94 (1H, d, J 8, PhH-5), 5.02-5.05 (2H, m, NCH2'), 4.94-5.00 (2H, m, 
NCH2), 4.01-4.07 (4H, m, OCH2), 3.64 -3.82 (12H, m, OCH2), 2.83 (3H, s, CH3). 
Diquat 3"PF6 
Me 
Me 
Me 
OMe 
Yield 47 %, m. p. > 250 °C (decomp. ), 6H (300 MHz; CD3CN) 8.85 (2H, d, J 2, bpy H- 
3) 8.61 (2H, d, J 6.5, bpy H-6), 8.10 (2H, d, J 16, =CH-bpy), 8.09 (2H, dd, 
3J 6.5,4J 2, 
bpy H-5), 7.40 (2H, d, J 2, PhH-2), 7.39 (2H, d, J 16, =CH-Ph), 7.38 (2H, dd, 
3J 8,4J 
2, PhH-6), 7.07 (2H, d, J 7, PhH-5), 4.93 (4H, s, NCH2), 3.92 (6H, s, OCH3), 3.90 
(6H, s, OCH3). 
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Diquat 4"PF6 
Yield 43%, m. p. > 250 °C (decomp. ), 8H (400 MHz; CD3CN) 8.73 (1 H, d, J 6.5, bpyH- 
6'), 8.72 (2H, m, bpyH-3 and bpyH-3'), 8.63 (1 H, d, J 7, bpyH-6), 8.12 (1 H, dd, 
3J 6.5, 
4J 2, bpyH-5), 8.10 (1 H, dd, 3J 6.5,4J 2, bpyH-5 ý, 8.03 (1 H, d, J 16, =CH-bpy), 7.40 
(IH, dd, 319,4J 2, PhH-6), 7.40 (1H, bs, PhH-2), 7.36 (IH, d, J 16, =CH-Ph), 7.09 
(1 H, d, J 9, PhH-5), 5.00-5.05 (2H, m, NCH2'), 4.94-4.98 (2H, m, NCH2), 3.94 (3H, s, 
C3-OCH3), 3.92 (3H, s, C4-OCH3), 2.84 (3H, s, CH3). 
Diquat. PF6 
N. 
Ce 0 Ný 
Yield 72%, m. p. >250 °C (decomp. ). 6H (300 Mhz; CD3CN) 8.95 (7H, d, 4J 2, bpyH-6) 
8.84 (dt, 3J 8,4J 2, bpyH-3), 8.79 (dt, 3J 8,4J 2, bpyH-4), 8.31 (dt, 3J 7,4J 2, bpyH-5), 5 
. 11 (4H, s 
NCH2). 
2.5 Preparation Of Nafion 0 Films 
A 0.5 wt. % Nafion® solution was prepared by dilution of the stock solution with 2- 
propanol. Application was by microsyringe (36 ml cm 
2) in 10 µl aliquots to 
horizontally mounted ITO electrode surfaces. The solvent was allowed to evaporate to 
dryness at room temperature over 20 minutes. The resulting Nafion film thickness was 
0.9 pm assuming a dry density126 of 2.1 g cm'3, with a 1.64 x 10'7 mol cm'2 surface 
concentration with respect to sulphonate groups. 
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5 wt. % DAIS 585 and Flemion solutions were diluted and electrode substrates were 
modified as described for Nafioe above. 
2.6 Prussian Blue and PB Analogue Film Deposition 
Prussian Blue film deposition was achieved by electrochemical deposition from a 
solution containing 5 mM FeCl3 and 5 mM K3Fe(CN)6 in 0.5 M KCl (pH 1). Films 
were prepared by electroreduction following a potential step from +1.00 V to +0.5 V. 
Electrodeposition was carried out for times varying between 5 and 30 minutes. 
The study of transition metal hexacyanoferrates in Chapter 5 was conducted using 
previous literature procedures as a guide. Electrodeposition of the HCF upon ITO 
glass w. e. 's was achieved via potential cycling at 100 mVs 1 for times varying between 
5 and 30 minutes. Modification solutions containing K3Fe(CN)6 and an appropriate 
metal salt were used in most cases. Specific experimental details for each HCF are 
given in the appropriate section in Chapter 5. 
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Chapter 3 
1,1'-Di-Alkyl-4,4'-Bipyridilium Systems 
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3.1 Introduction 
Bipyridilium species are formed by the diquaternising of 4,4'-bipyridyl to form 1,1'- 
disubstituted-4,4'-bipyridilium salts. The chemical structure for a 1,1'-disubstituted- 
4,4'-bipyridilium salt is shown in Figure 3.1. These compounds are formally named 
as 1,1'-di-substituent-4,4'-bipyridilium if the two substituents at the nitrogen are the 
same. In the case of 1,1'-di-alkyl-4,4'-bipyridilium salts, the substituent at both 
nitrogens is an alkyl group. The simplest example is 1,1'-di-methyl-4,4'-bipyridilium 
(where R= methyl). This compound also has two common names: `methyl viologen' 
(following Michaelis who noted the violet colour formed when the compound 
undergoes a one-electron reduction) and also `paraquat' (after the ICI brand name for 
the widely used herbicide). 
OO ONXR 
Figure 3.1 Structure of a Bipyridilium species 
Several authors have reviewed the field of the viologens. Most recently a book has 
been published entitled `The Viologens: Physicochemical Properties, Synthesis and 
Applications of the Salts of 4,4'-Bipyridine'. 127 Monk states that this book "aims to 
provide a comprehensive overview of the nature and physicochemical properties of 
the viologens and hence detail the science utilised in their applications" - it does this 
very clearly and concisely. 
Previous works include `The Bipyridines'128 and `The Bipyridinium Herbicides', 129 
both by Summers, which deal with the syntheses and properties of 4,4'-bipyridine; 
Bard, Ledwith and Shine's review of `Cation Radicals', 130 which included a section 
on the bipyridilium radical cations, and Bird and Kuhn's13' superb review entitled 
`The Electrochemistry of the Viologens'. Monk's present work simply complements 
and updates these earlier works. 
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There are three common redox states of the bipyridiliums: the dication (bipm''+), the 
radical cation (bipm+') and the di-reduced neutral compound (bipm°). The properties 
of each of these redox forms and the electron-transfer steps which take place between 
the species have been detailed in Chapter 1. 
Solubilities of viologen salts are dependent upon solvent, anion, substituent and redox 
state. Radical cations are soluble in all organic solvents in which the dication is 
soluble, but only if the counter anion is relatively large (e. g. N03'. C104' or PF6 ). The 
solubility in water is slightly more complicated. Some anions impart high solubility 
to both the radical cation and the dication, whereas others impart a high solubility to 
the dication, but cause ion-pairing with the radical such that precipitation occurs upon 
one-electron reduction. The effect of substituent has been investigated by variation of 
the alkyl chain length for viologen radical cations as the bromide salt. The solubility 
of the radical salt decreases as the substituent becomes larger. Results indicate that 
when the effective alkyl chain length is above about five methylenes, then the bromide 
salt of the radical is a solid. 
The use of methyl viologen and heptyl viologen in electrochromic devices has been 
well documented and thus it seemed important to complete the picture by 
investigating a number of methyl viologen analogues for their potential 
electrochromic properties. The present research initially focused on a series of 
symmetrical 1,1'-dialkyl-4,4'-bipyridilium salts, methyl to nonyl viologen. The aim 
was to characterise the viologens' electrochemical and spectrochemical properties and 
subsequently to study the attempted incorporation into the sulphonated perfluorinated 
polyether Nafion®, as has been described previously for methyl viologen, and to study 
the modified electrodes for their electrochromic properties. Synthesis details for all 
compounds are given in the experimental chapter. The anion associated with the 
viologens was Br" in each case. 
3.2 Aqueous Solution Studies 
All the viologen compounds investigated were water soluble and solutions in neutral 
aqueous media appeared to be stable. Aqueous solutions are non-flammable, non 
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explosive and non-volatile, which are of course important properties in terms of - 
building commercially useful electrochromic devices. 
3.2.1 Electrochemistry 
The methyl viologen dication undergoes a one electron reduction to form the radical 
cation which has been noted as violet in colour on many occasions. Ito and 
Kuwana132 have reported electrochemical data for this first reduction of methyl 
viologen, quoting a redox potential of -0.446 V vs. NHE in aqueous phosphate buffer. 
This corresponds to a redox potential for methyl viologen of -0.69 V vs. SCE. 
Cyclic voltammetry experiments and the electrochemical data for the series of 
symmetrical alkyl viologens (alkyl = methyl to n-nonyl) are now reported. The 
aqueous solutions studied were 0.1 mM in viologen unless otherwise stated, with 0.2 
M KCl as the supporting electrolyte. All experiments in this section were conducted 
in the standard electrochemical cell using either `small' ITO glass, platinum wire or 
glassy carbon as the w. e. and a platinum gauze s. e. 
The viologen dications in aqueous 0.2 M KCl were readily reduced via a one-electron 
process to the radical cation species. Figures 3.2 - 3.4 display the redox processes 
corresponding to this formation of the methyl viologen radical cation at each of the 
electrode substrates, at a variety of scan rates. The resulting redox potentials for 
methyl viologen in aqueous 0.2 M KCl at pH 7, at each of the electrode substrates, are 
shown in Table 3.1. 
Working electrode substrate (+2/+1) vs. SCE 
`small' ITO glass -0.688 V 
Pt wire -0.685 V 
Glassy carbon -0.690 V 
Table 3.1 Electrochemical data for aqueous methyl viologen at various electrode substrates 
The electrode substrate did not significantly affect, the shape or the peak potential 
values of the cyclic voltammograms. The formal redox potential values for methyl 
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viologen at the different electrode substrates, of approximately -0.69 V vs. SSCE in 
each case, compare well with the previously reported values for methyl viologen in 
neutral aqueous solution. 
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Figure 3.2 CVs for 0.1 mM methyl viologen in aqueous 0.2 M KCl 
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In a similar manner to methyl viologen, the rest of the series of alkyl viologens were 
reduced in aqueous solution to produce the radical cation. The CVs for the series 
from methyl - n-hexyl viologen were identical in shape and those for it-octyl and 
n-nonyl viologen looked like that observed for n-heptyl viologen. Thus CVs for 
n-butyl and n-heptyl viologens only are shown in Figures 3.5 and 3.6 as examples. The 
electrode substrate did not significantly affect the shape or the peak potential values of 
the CVs. Thus the `small' ITO glass w. e. results are the only ones reported here. The 
formal redox potentials obtained for the series of alkyl viologens (alkyl = methyl - 
»-nonyl) in aqueous 0.2 M KCl solution at `small' ITO glass w. e. 's are summarised in 
Table 3.2. 
A visual observation of the aqueous methyl viologen solution changing from colourless 
to pale purple in the vicinity of the electrode/electrolyte interface was apparent upon 
reduction of methyl viologen at the ITO w. e. Visual observations of colour changes 
were also noted for the rest of the viologen series at ITO w. e. 's, with the colour of the 
radical cation tending towards pink as the length of the alkyl chain length increased. It 
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was also noted that when the effective alkyl chain length was above six methylene 
units, solid films of the radical cation were produced at the electrode (i. e. for ii-heptyl, 
»-octyl and it-nonyl viologens). 
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Figure 3.6 CVs for 0.1 mM n-heptyl viologen in aqueous 0.2 M KCI at 'small ' ITO 
glass w. e. (a) 10 mVs' (b) 10,40,100 mVs'. Other conditions as Figure 3.2 
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Alkyl group (+2/+1) vs. SCE 
methyl -0.688 V 
ethyl -0.693 V 
n-propyl -0.690 V 
n-butyl -0.688 V 
n-pentyl -0.689 V 
n-hexyl -0.705 V 
n-heptyl -0.600 V 
n-octyl -0.695 V 
n-nonyl -0.698 V 
Table 3.2 Electrochemical data for the series of symmetrical alkyl viologens 
(alkyl = methyl to n-nonyl) in 0.2 M KCl at 'small' ITO glass w. e. 's 
3.2.2 UV/vis Spectroscopy 
UV/vis spectra for the dication state of the alkyl viologens 
UV/vis absorbance data is now reported for the series of alkyl viologens (alkyl = 
methyl - n-nonyl) in aqueous 0.2 M KCI. Experiments were undertaken at 20,30 and 
50 °C. The resulting absorption spectra did not vary with temperature and it was 
found that the Beer-Lambert Law applied to the series of viologens under these 
conditions. Beer's Law plots in the concentration range of 0.01 - 0.1 mM, such as the 
one shown for methyl viologen in Figure 3.7, were used to calculate the extinction 
coefficients. The absorption spectra for methyl, n-butyl and n-heptyl viologen are 
shown in Figures 3.8 - 3.10, with the data for the whole series of alkyl viologens 
summarised in Table 3.3. Extinction coefficients are quoted with an accuracy of 3 
figures and the X. values have an error of ±1 nm. 
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Alkyl group ? Jnm (10'4 E/M4 cm") 
methyl 202 (1.21), 257 (1.90) 
ethyl 205 (1.90), 258 (2.11) 
n-propyl 204 (1.95), 257 (2.10) 
n-butyl 204 (2.02), 256 (2.08) 
n-pentyl 203 (1.99), 257 (2.07) 
it-hexyl 205 (1.98), 259 (2.14) 
n-heptyl 205 (2.00), 263 (2.33) 
it-octyl 204 (1.92), 263 (2.18) 
»-nonyl 205 (1.98), 262 (2.22) 
Table 3.3 Electronic absorption data for the series ojalkyl viologens 
(alkyl = methyl - n-nonyl) in aqueous 0.2 M KCl at 20 °C 
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Figure 3.7 Beer's Law plot for methyl i'iologen in aqueous 0.2 M KCl at 20 °C 
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Figure 3.8 Electronic absorption spectrum of 0.1 mM methyl viologen 
in aqueous 0.2 M KC1 at 20 'C 
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Figure 3 .9 Electronic absorption spectrum of 0.1 mM n-butyl viologen 
in aqueous 0.2 M ACl at 20 °C 
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Figure 3.10 Electronic absorption spectrum of 0.1 mMn-heptyl viologen 
in aqueous 0.2 M KCI at 20 'C 
UV/vis spectra for the radical-cation state of the alkyl viologens 
There have been many reports in the literature of UV/vis spectra recorded for a 
number of viologens in a variety of solvents. For methyl viologen in aqueous media a 
value for the extinction coefficient has been reported as 1.37 x 10° M" cm" at 
605 nm. 133 It was been noted by Kuwana that peaks were shifted to shorter 
wavelengths for those radical cations which form solid films. A value for the 
extinction coefficient of n-heptyl viologen radical cation solid film on ITO has been 
reported as 2.60 x 104 M"' cm" at 545 nm. 134 
Cyclic voltammetry experiments for each of the aqueous alkyl viologen solutions 
presently being studied were performed in the spectroelectrochemical cell and UV/ '/s 
absorbance spectra were recorded when the potential was held at the negative limit of 
the scan (-0.90 V). These simple experiments provided data from which extinction 
coefficient values could be calculated, using Beer's Law plots in the concentration 
range of 0.01 - 0.1 mM. These results are summarised in Table 3.4 for the whole 
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series of alkyl viologens. Figures 3.11 - 3.13 show the spectra recorded for methyl, /- 
butyl and rr-heptyl viologens as examples. For methyl - n-butyl viologens an 
absorption peak was observed at approximately 600 nm, whereas the viologens in the 
latter part of the series exhibited a peak at approximately 535 nm; in each case the 
absorption maxima was representative of the pink/purple radical cation. 
Alkyl group XmaInm (10'4 c/M"l cm") 
methyl 605 (1.37) 
ethyl 603 (1.23) 
n-propyl 602 (1.29) 
n-butyl 599 (1.29) 
n-pentyl 535 (1.33) 
n-hexyl 530 (1.34) 
n-heptyl 545 (2.59) 
'r-octyl 542 (2.73) 
n-nonyl 543 (2.75) 
Table 3.4 Electronic absorption data for the series oj alkyl viologens 
(alkyl = methyl - n- nonyl) in aqueous 0.2 MKCI at 20 °C 
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Figure 3.11 Electronic absorption spectrum of 0.1 mMrnethyl viologen 
in aqueous 0.2 M KCI at 20 °C aflcr electrochemical reduction 
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Figure 3.12 Electronic absorption spectrum of 0.1 mM n-butyl viologenr 
in aqueous 0.2 M KCI at 20 °C after electrochemical reduction 
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Figure 3.13 Electronic absorption spectrum of 0.1 mM n-heptyl viologenr 
in aqueous 0.2 M KCl at 20 °C after electrochemical reduction 
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3.3 Incorporation into Nafon0 Films 
3.3.1 Electrostatic Incorporation 
When a Nafion®-modified electrode is immersed in an aqueous solution of MV, the 
MV accumulates in the anionic polyelectrolyte such that its concentration is 
considerably higher than in the bulk solution. 135 In the present study, a series of 
symmetrical 1,1'-di-alkyl-4,4'-bipyridiliums (alkyl = methyl, ethyl, n-propyl, n-butyl, n- 
pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl) were investigated for their incorporation 
into Nafion®. 
All experiments were conducted in the spectroelectrochemical cell using a `large' ITO 
glass w. e. The solutions studied were 0.1 mM in 1,1'-di-alkyl-4,4'-bipyridilium with 
0.2 M KCl as supporting electrolyte. The preparation and application of Nafion® films 
onto ITO glass electrodes is detailed in Chapter 2. 
Viologen uptake over 3800 seconds was monitored by repetitive cyclic voltammetry at 
10 mVs-' and also the in situ measurement of visible absorbance spectra at each 
negative potential limit (-0.90 V). With the exception of n-heptyl, n-octyl and n-nonyl 
viologen (HV, OV and NV), all the viologens in the series were successfully 
incorporated into Na ion® films by electrostatic binding. The incorporation rate in 
each case was independent of viologen size. 
Figures 3.14 and 3.15 and Figures 3.16 and 3.17 are illustrative for the uptake of MV 
and HxV monitored by cyclic voltammetry and spectroscopy respectively. Comparable 
CVs and spectra were observed for all the viologens in the series which were 
successfully incorporated into Nafion® and thus only the two extreme cases are shown 
here. Increases in the current of the CVs and the absorbance value of the spectra were 
observed as uptake of the viologen into the Nafion® film proceeded. Viologen 
loadings were coulometrically assayed by potential step over the dication-to-radical 
cation voltammetric wave and found to be 0.8 (± 0.2) x 10.3 C CM -2 for each of the 
compounds in the series. This charge corresponds to a viologen concentration of 0.09 
M in the Nafion® films, with charge compensation of - 10 % of the sulphonate groups. 
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Figure 3.14 Uptake of 0.1 mM 1,1 '-di-methyl-4,4 -bipyridilium into Nafion®film 
monitored by cyclic voltammetry at 10 mVs 4 
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Figure 3.15 Uptake of 0.1 mM 1,1 '-di-nt-hexyl-4,4 -bipyridilium into Nafione film 
monitored by cyclic voltammetry at 10 mVs' 
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Figure 3.16 Uptake of 0.1 mM 1,1 '-di-methyl-4,4 -bipyridilium into Nafione film 
monitored by UV/vis spectroscopy 
.2 
.1 
f 
0 
300 400 500 600 700 8&) 
Waveluigth "nm 
Figure 3.17 Uptake of 0.1 mM 1,1 '-di-nrhexyl-4,4 -bipyridilium into Nafiollo film 
monitored by UY/vis spectroscopy 
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Although an electrochromic response was observed at Nafion®/ITO electrodes for the 
HV, OV and NV systems, the current response was even lower than at a bare ITO 
electrode for the same solution concentration (compare Figure 3.6, the solution only 
response for HV, with Figure 3.18 below, for attempted HV uptake into Nafion®). 
The voltammetric and spectroscopic monitoring of the attempted uptake of n-heptyl 
viologen are illustrated in Figures 3.18 and 3.19 respectively. The voltammetric and 
spectroscopic results for the attempted uptake of n-octyl and n-nonyl viologens into 
the Nafion® films were comparable to those for n-heptyl viologen and so are not 
shown here. 
Upon electroreduction HV forms an insoluble adherent film of the radical-cation salt 
and due to this significant benefit has been thoroughly studied 95,97 for electrochromic 
applications. It has also been found that OV and NV produce a truly insoluble 
adherent film of the radical-cation salt upon electroreduction. In the present study the 
electrodeposition of such films of the radical-cation salts onto the Nafion® surface, at 
the interface with the bulk electrolyte solution, may prevent incorporation of viologen 
into the bulk of the anionic polyelectrolyte. 
Alternatively, an interpretation of the present results may be obtained by consideration 
of the cluster-network description of Nafion®. In this physical model, Nafion® is 
believed to have 3 regions: a hydrophobic organic polyfluorocarbon matrix, an ion- 
cluster region containing sulphonate groups, counter-ions and water, and a third 
region with a channel structure connecting the ionic clusters and containing some 
water and some counter-ions. Incorporation of HV, OV or NV dications at the 
entrances to the cylindrical channels may impede extensive incorporation into the bulk 
of the anionic polyelectrolyte. Clogging of sulphonate-containing channels by MV2+ 
has earlier been suggested as the reason why electrostatic incorporation is less 
effective on exposure to higher concentrations. 
136 Interestingly, Nafion®/ITO 
electrodes that had been used for attempted HV, OV or NV incorporation experiments 
subsequently proved inactive to the incorporation of the other viologens, suggesting 
that the clogging of the entrance channels was permanent. 
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Figure 3.18 Attempted uptake of 0.1 mM 1, l-di-ii-heptyl-4,4-bipyridilium into 
Nafron"film monitored by cyclic voltammetry at 10 mVs' 
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Figure 3.19 Attempted uptake of 0.1 mM 1,1 '-di-tr-heptyl-4,4-bipyridilium into 
Nafioit0film monitored by UY/vis spectroscopy 
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3.3.2 1: lectrochemical Response 
Figure 3.20 shows the electrochemical response of the hexyl viologen (HxV) modified 
electrode once transferred to pure supporting electrolyte. Comparable CVs were 
obtained for each of the viologen compounds after incorporation into Nafion® and 
transfer to -pure supporting electrolyte. Formal potentials for the modified electrodes 
were obtained from the first scan upon transfer of the modified electrode to pure 
supporting electrolyte and are shown in Table 3.5. 
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Figure 3.20 CV at 10 mVs' of modified electrode transferred to pure supporting 
electrolyte after incorporation of 0.1 mM HxV into Nafionfilm 
It can be seen by comparison of the electrochemical data shown in Table 3.5 and 
Table 3.2 that the formal electrode potentials observed for the alkyl viologen 
incorporated Nafion modified electrodes are more negative than the values observed 
at the bare ITO glass substrate. This observation suggests that the incorporation of a 
viologen into a Nafion film causes de-stabilisation of the radical cation species. 
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Alkyl group (+2/+1) 
methyl -0.699 V 
ethyl -0.703 V 
n-propyl -0.702 V 
n-butyl - 0.696 V 
n-pentyl - 0.698 V 
n-hexyl -0.715 V 
Table 35 Electrochemical data for methyl viologen and its analogues 
incorporated into Nafron®films 
The dication-to-radical cation redox couple for MV inNafion® has been reported to be 
quasi-reversible, the re-oxidation process being particularly complex with incomplete 
electro-oxidation of the electroreduction products even at slow scan rates. '37 This 
quasi-reversibility has been explained in terms of the known formation of viologen 
spin-paired radical dimers138: 
M12+ + e- _*,, MV+- 
radical cation 
2MV+" (W")2 
radical-cation dimer 
Hence the cathodic and anodic peak wave potentials do not correspond to the same 
redox species. Due to the more positive redox potential of the dimers, a shift in the re- 
oxidation peak towards less negative potentials is expected whenever the monomer 
fraction considerably deviates from unity. 137c In the present studies, this was observed 
for all the incorporated viologens, the tailing of the re-oxidation wave being 
particularly noted at higher scan rates. 
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3.3.3 Speclroeleclrochemical Response 
A trend in the colour of the reduced state, from purple to pink, was visually observed 
with increase in the chain length of the alkyl substituent. For 1,1'-dialkyl-4,4'- 
bypyridiliums, the monomeric radical cation is blue (4,,, = 600 nm) and the dimer is 
red (X.. = 550 nm). 138 Whilst the equilibrium constant for the formation of MV 
radical cation dimers in Nafion is lower than in water, 137C the relatively high 
concentration of viologens in the Nafion® will favour dimer formation. 
In the present case, in situ visible absorption spectroscopy revealed the presence of 
both monomeric and dimeric radical cations in the Nafion® films. The trend towards 
pink is largely owing to the increasing incidence of radical cation dimerisation with 
increase in alkyl chain length. Figures 3.21 and 3.22 contrast the absorption spectra of 
Nafion films containing reduced viologens for the two extremes of the alkyl chain 
length sequence examined. For the MV system, Figure 3.21, the purple colour can be 
ascribed to the mixed colour of monomer and dimer. The absorption spectrum for a 
Nafion® film containing reduced HxV, Figure 3.22, shows the radical cation dimer 
absorbance band is dominant, producing the pink colour. 
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Figure 3.21 Spectrum recorded at - 0.90 V for an ITO/Naflont®/MV electrode after 
electrostatic incorporation and transfer to pure supporting electrolyte 
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Figure 3.22 Spectrum recorded at - 0.90 V for an ITO/Nafron®/HxV electrode after 
electrostatic incorporation and transfer to pure supporting electrolyte 
The time required for an ECD to colour from its bleached state (or vice versa) is 
termed its response time. Very fast response times will be necessary in applications 
such as optical switches or television screens, whereas for electrochromic windows or 
mirrors, response times of seconds, even minutes, can be tolerated. For the viologen 
incorporated Nafion® films, the response times were in excess of 60 seconds for both 
coloration and bleaching and were independent of viologen size. 
Figures 3.23 and 3.24 show absorbance spectra measured every 10 seconds in 
response to a potential step between oxidised and reduced forms of the »-hexyl 
viologen system after incorporation into Marion' films. Response times for coloration 
are shorter than for bleaching. This may be explained by the slower diffusion rates of 
the radical-cation dimers, in support of the relatively high ratio of apparent diffusion 
coefficients as earlier reported for the MV system. 139 
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Figure 3.23 Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to 
a potential step fi"onr + 1.00 to - 0.90 V for an ITO/Nafion"1HxV electrode 
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Figure 3.24 Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to 
a potential step from - 0.90 to + 1.00 V for an 1TO/Nafion®/HxV electrode 
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Depending on the nature of the electroactive cations, charge transport in Nafiono films 
can occur either by electron self-exchange, physical diffusion or by some combination 
of these two mechanisms-140 In the case of the MV system, charge propagation is 
primarily by physical diffusion, 137 producing the longer response time where diffusion 
of the larger (dimeric) species is involved. Response times are expected to be a 
function of the viologen loading within the Nafion® film. Thus the ion ingress-egress 
that is essential for film electroneutrality during colour switching is likely to be 
impeded at higher loadings, particularly when viologen dications cluster at entrances to 
the sulphonate-bearing channels. 
3.3.4 Influence of Size/Conformation of the Viologen Molecules 
Four further viologen compounds were synthesised and investigated in aqueous 
solution in an attempt to study whether size/conformation of the viologen molecule has 
an effect on its incorporation into Nafion®. The first three compounds were 
iso-propyl, iso-butyl and cinnamyl viologens. Electrochemical data for these 
compounds in aqueous solution is reported and also the results from the attempted 
uptake of the compounds into Nafion® films. Aqueous solution studies were 
conducted in the standard electrochemical cell using `small' ITO glass w. e. 's and a 
platinum gauze s. e. Viologen concentrations of 0.1 mM were studied with 0.2 M KCl 
as aqueous supporting electrolyte. Figures 3.25 - 3.27 display the redox processes 
corresponding to the formation of the radical cation in each case, at a variety of scan 
rates. Electrode substrate did not significantly affect the shape or the peak potential 
values of the CVs. The resulting redox potentials for these alkyl viologens in aqueous 
0.2 M KCl at pH 7 are shown in Table 3.6. 
Alkyl Viologen E '(+2/+I) vs. SSCE 
iso-propyl -0.689 V 
iso-butyl -0.687 V 
cinnamyl -0.680 V 
Table 3.6 Electrochemical data for aqueous alkyl viologeºrs 
(alkyl = isopropyl, iso-butyl and cinnamyl) 
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Figure 3.25 CVs for 0.1 mM isopropyl riologen in aqueous 0.2 M KCl at 'small, 
170 glass w. e. (a) 10 mVs' (b) 10,40,100 mVs'. Other conditions as Figure 3.2 
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Figure 3.26 CVs for 0.1 mM iso-butyl viologen in aqueous 0.2 M KCl at 'small' ITO 
glass w. e. (a) 10 mVs' (b) 10,40,100 mVs'. Other conditions as Figure 3.2 
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Figure 3.27 CVs for 0.1 mM cinnamyl riologen in aqueous 0.2 M KC! at 'small' ITO 
glass iv. e. (a) 10 mVs-' (b) 10,40,100 mV s'. Other conditions as Figure 3.2 
Attempts to incorporate iso-propyl, iso-butyl and cinnamyl viologens into Nafion' 
films at an 1TO electrode proved unsuccessful. However, it seemed important to note 
that these viologens did not behave in the same way as the viologens which were 
previously found not to electrostatically bind to Nafiono films (i. e. HV, OV and NV). 
Iso-propyl, iso-butyl and cinnamyl viologens did not form an insoluble adherent film of 
the radical cation salt upon electroreduction as has been observed for HV, OV and 
NV. This could suggest that size is an important factor to consider when trying to 
incorporate cations into Nafion® films as cinnamyl viologen is a fairly bulky compound 
and both iso-propyl and iso-butyl viologens are branched compounds and therefore 
have large spatial arrangements. 
The other compound to be investigated in this section was allyl viologen. 
Electrochemical data for allyl viologen in aqueous solution is reported and also the 
results of its successful uptake into a Nafion® film. Aqueous solution studies were 
conducted in the standard electrochemical cell using `small' ITO glass w. e. 's and a 
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platinum gauze s. e. Viologen concentrations of 0.1 mM were studied with 0.2Ni KCI 
as aqueous supporting electrolyte. Figure 3.28 displays the redox process 
corresponding; to the formation of the radical cation of allyl viologen, at a variety of 
scan rates. Electrode substrate did not significantly affect the shape or the peak 
potential values of the CVs. A formal redox potential of -0.661 V was observed for 
ally] viologen in aqueous 0.2 M KCI at pH 7. 
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Figure 3.28 Cl's for 0.1 mM ally! viologe» in aqueous 0.2 M KCl at 'sinall, 170 
Klass ii-. e. (q) 10 ml's' (h) 10,40,100 ml's'. Oilier contlitio»s as Figure 3.2 
Ally] viologen was successfully incorporated into a Nafion`" film by electrostatic 
binding. The experiment was conducted in the spectroelectrochemical cell using a 
`large' ITO glass w. e. as detailed above in Section 3.3.1. As previously described, 
viologen uptake was monitored by repetitive cyclic voltammetry and also the in silil 
measurement of visible absorbance spectra at each negative potential limit. Figure 3.29 
shows the electrochemical response of the allyl viologen modified electrode once 
transferred to pure supporting electrolyte. The formal potential for this modified 
electrode was obtained from the first scan upon transfer of the modified electrode to 
pure supporting electrolyte. 
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Figure 3.29 CV at JO rVs' of modifred electrode transferred to pure suipportinng 
electrolyte after incorporation of 0.1 mM allyl viologen into Naflono film 
The reduced state of the allyl viologen was visually observed to be purple/pink in 
coloration. The absorption spectrum of the Nafion® film containing the reduced allyl 
viologen was recorded and is shown in Figure 3.30, indicating a mixture of monomer 
and dimer, thus giving rise to the purple/pink coloration. Absorption spectra were also 
measured every 10 seconds in response to a potential step between oxidised and 
reduced forms of the allyl viologen system after incorporation into the Nafion film, as 
shown in Figures 3.31 and 3.32. 
The response times for allyl viologen incorporated Nafion films were in excess of 60 
seconds, as was observed for the series of alkyl viologens previously investigated (alkyl 
= methyl - n-nonyl). However when comparing the results for allyl viologen to those 
for ethyl viologen (both with equivalent chain length sequences of 2 CH2 molecules) 
the bleaching process appeared to be quicker for allyl viologen, presumably due to 
increased electron density. There was however no significant increase in the value of 
the extinction coefficient as might have been expected due to increased conjugation, as 
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is seen in the case of cyanophenyl paraquat (CPQ) for which c has been reported as 
8.33 x 104 M"' cm" at 674 nm (c. f. c=1.28 x 104 M'' cm" at 605 nm for allyl viologen 
and s=1.23 x 104 M'' cm" at 603 nm for ethyl viologen). 
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Figure 3.30 Spectrum recorded at - 0.90 V for an ITOINafton%IIyl viologen 
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Figure 3.31 Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to 
a potential step from + 1.00 V to - 0.90 V for an ITO/Nafion®/allyl viologen electrode 
67 
I) 
4) 
Z. 
n 
Figure 3.32 Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to a 
potential step from - 0.90 V to + 1.00 V for an I TO/Nafion®/allyl viologen electrode 
3.4 Other Methods of Incorporation and Incorporation into other Solid Electrolytes 
3.4.1 Nafioii 
Using methyl viologen a series of experiments were undertaken so as to ascertain 
whether the % uptake of viologen into the polyelectrolyte film was affected by the 
method employed for incorporation. Four methods were investigated as detailed 
below and compared to the electrode potential cycling method discussed previously 
which was used to obtain the results reported in section 3.3. 
Method I 
The viologen salt was added to the polyelectrolyte solution before application to the 
substrate. By calculating the % of sulphonic acid groups in the 0.5 wt. % Nafion" the 
appropriate amount of viologen could then added to neutralise the solution. Once the 
viologen salt had dissolved, the mixture was then applied to ITO glass electrodes as 
previously described for simple NafionQ° solutions. 
Method 2 
The viologen salt was incorporated at fixed potentials - at the potentials where the 
cation and the radical cation are the stable oxidation states. A Nation® modified ITO 
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nil' 
glass electrode was dipped into a 0.1 mM viologen solution and held at 0.0 V and 
similarly at - 0.90 V. 
Method 3 
The viologen was incorporated at open circuit potential by dipping a Nafion® modified 
ITO glass electrode into a 0.1 mM viologen solution. 
Method 4 
This method involved the pre-treatment of the polyelectrolyte film in accordance with 
Zook and Leddy's work14' which examined the density and solubility of different types 
of Nafion® films. Nafion® films were applied to ITO glass electrodes as described in 
Chapter 2 and excess solvent was allowed to evaporate. Annealed films were formed 
by subsequently heating the fresh films in an oven at 140 °C (30 °C above the glass 
transition temperature of the polymer) for times of up to 60 minutes. Annealed films 
undergo morphological changes when heated above the glass transition temperature: 
cold cast films have a micellar configuration with the sulphonate exchange sites on the 
outside of the micelle; heat reorganises the structure to an inverted micelle with the 
sulfonates on the interior of the micelle. Viologen incorporation experiments were 
conducted for films heated for 0,10,20,30,40,50 and 60 minutes using the standard 
potential cycling method. A further set of films were produced which were also acid 
treated after heating. Each film was placed in concentrated nitric acid for 24 h to fully 
protonate the film. Viologen incorporation experiments were once again conducted 
using the standard potential cycling method. 
Interestingly no major differences were observed when comparing the results. Results 
comparable to those shown in Figure 3.14 for the incorporation of methyl viologen 
into Naflon® films by the standard potential cycling method were reproduced for each 
of the four methods described above. It seemed that as long as the viologen salt had 
sufficient time it would be incorporated into the Nafion® polyelectrolyte to saturation. 
3.4.2 DAIS 
A description of the DAIS 585 polymer, which was synthesised in an attempt to mimic 
the inverted micellar structure which has been proposed for Nafion®, is found in 
Chapter 1. Experiments were conducted to incorporate a 0.1 mM methyl viologen 
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solution into the DAIS material in order to compare the uptake of radical' cation with 
that known for Nafion"'. Films of the 0.5 wt. % DAIS solution were applied to `large' 
ITO glass electrodes as described in Chapter 2. Incorporation took place via the 
electrode potential cycling method as described in Section 3.3. 
Since DAIS 585 was modelled on Nafion®, and has very similar properties to the 
perfluorinated ion-exchange polymer, it was expected that uptake of methyl viologen 
would be comparable in Nafion® and DAIS 585. This was indeed found to be the 
case, as is shown in Figure 3.33 which illustrates the uptake of methyl viologen into 
the DAIS film as monitored by cyclic voltammetry (c. f. Figure 3.14 for Nafion'). 
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Figure 3 . 33 Uptake of 
0.1 mM 1,1 '-di-methyl-4,4 -bipyridilium into DAIS film 
monitored by cyclic voltammetry at 10 mVs' 
3.4.3 Flemion 
Further experiments were carried out to investigate the incorporation of methyl 
viologen into another solid electrolyte material, Flemion. A description of this material 
was given in Chapter 1. The properties described for Flemion led us to believe that 
incorporation of viologens into such a material would result in a higher uptake of 
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radical cation. Films of the 0.5 wt. % Flemion solution were applied to `large' 1TO 
glass electrodes as described in Chapter 2. Uptake from a 0.1 mM solution of methyl 
viologen was monitored via cyclic voltammetry as is shown in Figure 3.34 (c. f. Figure 
3.14 for Nafion` ). A higher uptake of viologen was indeed achieved using this 
particular solid electrolyte. In addition, it was noted that methyl viologen was retained 
to a greater extent in a Flemion film upon transfer to pure supporting electrolyte than 
has been observed to be the case for viologen incorporated Nafion® modified 
electrodes. 
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Figure . 3.34 Uptake of 
0.1 mM 1,1 '-di-methyl-4,4'-bipyridilium into Flenrion film 
monitored by cyclic voltammetry at 10 mVs' 
3.5 Bilayer Systems with Prussian Blue 
The concept of polyelectrochromism was discussed in Chapter I. An example was 
given whereby the use of a mixed system, introducing MV into the already 
polyelectrochromic system of PB, was used to extend the range of colours which could 
be evolved electrochromically at one electrode. The method used to produce this 
bilayer system involved the deposition of a Nation® layer onto a PB covered ITO glass 
electrode. The bipyridilium system was then introduced into the Nation® and thus the 
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purple colour of MV" was added to the existing yellow-green-blue-colourless 
range of PB. 
The scope for elaboration of this work is open-ended since PB could in principle be 
substituted by other metal cyanometallates, while many bipyridilium systems could 
replace MV. Therefore the series of symmetrical 1,1'-di-alkyl-4,4'-bipyridiliums (alkyl 
= methyl - n-nonyl) studied in our investigations for incorporation of viologens into 
Nafion' were studied for introduction into bilayer systems with PB, utilising the 
literature procedure described above. All experiments were conducted in the 
spectroelectrochemical cell using a `large' ITO glass w. e. PB films were 
electrodeposited onto the ITO glass following the literature procedure detailed in 
Chapter 2. Nafion® films were applied to the modified electrodes and incorporation of 
the viologens was attempted from 0.1 mM aqueous solutions with 0.2 M KCl as 
background electrolyte. With the exception of HV, OV and NV, all the viologens in 
the series could be incorporated into Nafion® films where PB was present as an inner 
layer. These bilayer systems showed five colour polyelectrochromicity, with a trend 
from purple to pink in the colour of the fully reduced state being observed with an 
increase in alkyl chain length. 
Figure 3.35 Uptake of 0.1 mM 1,1 '-di-nt-hexyl-4,4-bipyridilium into Naflon"film 
deposited on a PB modified ITO glass w. e. monitored by cyclic >>oltammetry 
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Figure 3.35 is illustrative of the electrostatic incorporation for the HxV system into the 
Nalon"k film which was deposited onto a PB modified ITO glass w. e. Figure 3.36 
shows the spectra for three of the colours exhibited in the bilayer system. For all of the 
bilayer systems, the presence of an inner layer of PB decreased the quasi-reversibility 
of the viologen redox response. Furthermore, a pre-peak to the PW oxidation wave 
was always observed. At the foot of this wave the electrogenerated PB is able to 
mediate oxidation (with EPA =+0.04 V) via the thermodynamically favourable electron 
transfer reaction: 
[Fell Fell (CN)6]2- [Fen1Fev(CN)6]- + e- 
[Fe111Fell (CN)6]- + 112(MVI )2 ON [Fell Fell (CN)6]2- + NIV24 
A similar mechanism has been demonstrated for the mediated oxidation of MV radical- 
cation dimers in montmorillonite films by electrogenerated [Fe1u(CN)6]''. 142 
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3.6 Conclusions 
A series of symmetrical 1,1'-dialkyl-4,4'-bipyridilium compounds (alkyl = ethyl to n- 
nonyl) were successfully synthesised following previous literature procedures in order 
to investigate the potential electrochromic properties of a series of methyl viologen 
analogues. Initial studies were conducted in aqueous solution and electrochemical 
and spectroelectrochemical data representative of the dication and radical cation redox 
states of the compounds have been reported. Each of the viologen dications studied in 
aqueous solution were readily reduced via a one-electron process to the radical cation 
species. A colour change was noted for each of the compounds upon reduction of the 
dication at an ITO glass substrate. Methyl viologen exhibited a purple coloration in 
the radical cation redox state, with the colour tending towards pink as the length of the 
alkyl chain length increased. 
The series of alkyl viologens were subsequently investigated for their incorporation as 
the radical cation into films of the sulphonated perfluorinated polyether Nafion®. 
Experimental results indicated that with the exception of n-heptyl, n-octyl and n-nonyl 
viologen, all the compounds investigated were incorporated. It was noted that the 
three compounds which could not be incorporated produced solid films of the radical 
cation salt upon electroreduction. This electrodeposition of such a film at the Nafion® 
surface may prevent incorporation of viologen into the bulk anionic polyelectrolyte. 
An alternative theory suggested that clogging of the polyelectrolyte's cylindrical 
channels could occur thus impeding extensive incorporation. 
In situ UV/vis absorption spectroscopy revealed the presence of both monomeric and 
dimeric radical cations in the Nafion® films. It was concluded that the trend towards 
pink which was observed was largely due to the increasing incidence of the radical 
cation dimerisation with increase in alkyl chain length. 
Further studies investigating the incorporation into Nafion of iso-propyl, iso-butyl and 
cinnamyl viologen suggested that size/conformation of the viologen molecule could 
be an important factor to consider for successful incorporation. Incorporation of these 
compounds was not achieved which was postulated to be due to the bulky and 
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branched nature of the molecules. A comparison of the incorporation of allyl viologen 
with that of ethyl viologen suggested that increased electron density resulted in faster 
colour switching response times between the bleached and coloured states. 
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Chapter 4 
Diquat Based Compounds 
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4.1 Introduction 
Diquat isý a bipyridilium salt with the chemical structure shown in Figure 4.1. The 
divalent cation of diquat consists of two quaternized pyridine rings, with quaternization 
effected by the addition of an organic bridge between the two nitrogen nuclei. Diquat 
was originally synthesised in the laboratories of ICI, by the quaternization of 2,2'- 
dipyridyl with ethylene dibromide. 143 Various chemical names have been designated 
for diquat but it is now generally known as either 6,7-dihydrodipyrido[1,2-a: 2', I'- 
c]pyrazinedinium salt or '1,1'-ethylene-2,2'-dipyridilium dibromide. 
C 
Figure 4.1 Structure of diquat 
During the early spring of 1955 an investigation into the herbicidal properties of a 
series of quaternary ammonium compounds was conducted; diquat showed exceptional 
activity. 143 Shortly afterwards the similar herbicidal properties of paraquat (1,1'- 
dimethyl-4,4'-bipyridilium salt) were also discovered. '4 Although diquat and paraquat 
are most commonly associated with the bromide anion, it is important to note that the 
active part of these herbicides is actually the cation and therefore the associated anion 
has no effect on the herbicidal activity. 143 
Since the discovery of their herbicidal properties, diquat and paraquat have been used 
extensively for the control and management of terrestrial and aquatic vegetation. A 
few of the basic agricultural operations for which these chemicals have proved useful 
are crop desiccation, pasture renovation, crop production with limited or no tillage and 
selective weed control. 
77 
Diquat and paraquat have exciting properties which make them unique among 
herbicides. Upon contact with most soils they are rendered essentially biologically 
inactive, they are both rapidly absorbed by plants and are extremely fast acting, even at 
low concentrations. The mode of action of the bipyridilium herbicides" is complex, 
but several excellent reviews147 of the subject have been published which integrate a 
large amount of the information available, enabling realisation of the full potential of 
these herbicides. 
Simply stated, the interesting properties of these bipyridilium quaternary ammonium 
compounds appear to be due to the ease of reversible one-electron reduction to form 
stable radicals. It seems that for these herbicides the mechanism of action involves the 
formation of the free radical by reduction, followed by autooxidation to yield the 
original ion. A scheme of this reaction' for diquat dibromide is shown in Figure 4.2. 
The primary toxicant appears to be the OH~ radical or H202 rather than the free radical 
of the bipyridilium salt itself. 
Photosynthetic 
reducing power e- d'b 
0-0 ý -ý--No 
2Bre H202 or OH= 
1/202 +H20 Br6 
Diquat dication Diquat free radical 
Autooxidation 
Figure 4.2 Free radical formation from the diquat ion 
and consequent autooxidation of the free radical yielding H202 or ON' 
After the discovery of the herbicidal activity of diquat, a more detailed investigation 
into the herbicidal properties of the 2,2'-dipyridyl compoundsl"-l's showed a structure 
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activity relationship. For instance, only when the quaternizing group formed a bridge 
between the two nitrogen nuclei, as in diquat, was herbicidal activity present. It was 
also noted that the highest activity was present in the compound with the shortest 
bridge, i. e. diquat. For a tetramethylene bridge the activity was totally lost. It has been 
concluded that for herbicidal activity such as that of diquat to be present, bipyridilium 
quaternary ammonium compounds must have, or be capable of assuming, a coplanar 
configuration (Figure 4.3) and the molecule must be able to accept electrons and form 
a stable free radical upon reduction. 
Figure 4.3 Structure of diquat produced using CS Chem3D"' 
The reduction of an aqueous solution of diquat with sodium dithionite was investigated 
by Homer et al.. 14 14' They observed the formation of an intensely green coloured 
solution of the free radical. The free radical was relatively stable, presumably due to 
the delocalisation of the odd electron over the whole molecule. The researchers also 
noted that the reduction of diquat was completely reversible and independent of pH 
and the nature of the associated anion, as had already been reported to be the case for 
paraquat. 
As has been detailed in chapter 3, paraquat and its bipyridilium salt derivatives have 
been subjected to a significant amount of research, including recent studies which have 
been conducted in the laboratories here with the aim of producing electrochromic 
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devices. The extent of similarity between diquat and paraquat can be clearly seen just 
from the brief literature survey above. Considering this resemblance between the two 
bipyridilium compounds and the fact that an intensely coloured free radical of diquat 
has been observed upon chemical reduction, it is particularly surprising that there 
appears to be no published research investigating diquat and its derivatives for their 
electrochromic properties. It was thus considered important to explore this opening as 
diquat and its derivatives have the potential to emerge as distinct and effective 
electrochromic materials. 
7 J 
2 
3 4 
Figure 4.4 Structures of diquat analogues 
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Diquat and some of its substituted analogues have previously been investigated in the 
laboratories at Loughborough. The incentive for that research was to investigate the 
cation and anion complexing ability of the compounds. 
149 Fortuitously a number of 
diquat based compounds were readily available for use and thus they were chosen as 
the compounds to study in the current experiments. The anion associated with diquat 
and these analogue compounds was PF6. The structures for the analogues are shown 
in Figure 4.4. Synthesis details for all the compounds are given in the experimental 
chapter. 
4.2 Aqueous Solution Studies 
Brian et al. 143 reported that diquat was water soluble to the extent of 70 g/100 ml of 
water at 20 T. In aqueous acid or neutral solutions diquat appears to be stable. 
However it has been reported that in aqueous alkaline solution diquat eventually 
decomposes due to the uptake of a single molecule of alkali per molecule of diquat 
resulting in the rupture of one of the pyridine rings. Aqueous solutions are non- 
flammable, non-explosive and non-volatile, which are of course important properties in 
terms of building commercially useful electrochromic devices. The current 
investigations were all undertaken in neutral aqueous solutions to be analogous with 
the paraquat studies. A background electrolyte of 0.2 M KCl was employed. All the 
substituted analogues used in this study were also found to be soluble in this media. 
4.2.1. Electrochemistry 
The diquat dication can be readily and reversibly reduced giving rise to a stable green 
monocation radical. 144,145,148 A publication which reports the `determination of diquat 
in real samples by ESR'150 states that this reduction of diquat has been demonstrated 
electrochemically, chemically and photochemically. 
Electrochemical data for diquat in aqueous solution is reported in an investigation into 
the relationship between herbicidal activity and the electrochemical properties of some 
of the quaternary ammonium bipyridilium salts. '51 This paper gives a redox potential 
for diquat of -0.61 V vs. SCE, in aqueous borate buffer at pH 8.3. Steckhan and 
Kuwana1S2 also report electrochemical data for diquat in aqueous solution. Their study 
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of mediators entitled `Bipyridilium salts and their electron transfer rates to cytochrome 
c', reports a redox potential for diquat of -0.361 V vs. NHE, in aqueous phosphate 
buffer at pH 7. This corresponds to a redox potential for diquat of -0.605 V vs. SCE. 
Walcarius and Lamberts'53 have determined the electrochemistry of both paraquat and 
diquat in aqueous solution using square wave voltammetry. However no diquat results 
were actually published "as the electrochemical behaviour of diquat is essentially the 
same as that of paraquat". Erabi et al., 154 recognising that there was incomplete 
knowledge of the 2,2'-bipyridilium salts in comparison with the 4,4'-bipyridilium salts, 
investigated the redox characteristics of diquat and the 4,4'- and 5,5'-dimethyl 
derivatives. They report a redox potential for diquat of -0.37 V vs. NHE, in aqueous 
0.1 M phosphate buffer pH 7. This corresponds to a redox potential of -0.614 V vs. 
SCE for diquat. Thus it can be seen that although some electrochemical data has been 
established for diquat and a few of its derivatives, there is scope for many more 
studies. 
Cyclic voltammetry experiments and the electrochemical data for diquat and the 
substituted analogues shown in Figure 4.4 are now reported. The aqueous solutions 
studied were 0.1 mM in diquat or analogue unless otherwise stated, with 0.2 M KC1 as 
the supporting electrolyte. All experiments in this section were conducted in the 
standard electrochemical cell using either `small' ITO glass, platinum wire or glassy 
carbon as the w. e. and a platinum gauze s. e. 
The diquat dication in aqueous 0.2 M KCl was readily reduced via a one-electron 
process to the radical cation species. Figures 4.5 - 4.7 display the redox process 
corresponding to this formation of the diquat radical cation at each of the electrode 
substrates, at a variety of scan rates. The resulting redox potentials for diquat in 
aqueous 0.2 M KCl at pH 7, at each of the electrode substrates, are shown in 
Table 4.1. 
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Figure 4.7 CVs for 0.1 mM diquat in aqueous 0.2 M KCl at glassy carbon w. e. 
(a) 10 mVs' (b) 10,40,100 mVs'. Other conditions as Figure 4.5 
Working electrode substrate (+21+1) vs. SCE 
`small' ITO glass -0.608 V 
Pt wire -0.605 V 
Glassy carbon -0.614 V 
Table 4.1 Electrochemical data for agrueous diquuat at various electrode substrates 
The electrode substrate did not significantly affect the shape or the peak potential 
values of the cyclic voltammograms. The formal redox potential values for diquat at 
the different electrode substrates, of approximately -0.61 V vs. SCE in each case, 
compare well with the previously reported values for diquat in neutral aqueous 
solution. 1s1,1si, isa 
The CVs in Figures 4.8 - 4.10 show the reversible processes corresponding to the 
formation of the stable radical cations for each of the chosen diquat analogues. In a 
similar manner to diquat, the diquat analogues were readily reduced in aqueous 
solution and the electrode substrate did not significantly affect the shape or the peak 
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potential values of the CVs. Thus the `small' ]TO glass w. e. results are the only ones 
reported here. The formal redox potentials obtained for diquat and the analogues in 
aqueous 0.2 M KCI solution at `small' ]TO glass w. e. 's are summarised in Table 4.2. 
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A visual observation of the aqueous diquat solution changing from colourless to very 
slightly pale green in the vicinity of the electrode/electrolyte interface was apparent 
upon reduction of diquat at the ITO w. e. It was not possible to visually observe any 
colour change though for the diquat analogues upon reduction to the radical cation. 
However, the aqueous solutions of the analogues' dications are dark orange/brown. 
Thus it was concluded that if the colour of the analogues' radical cations in aqueous 
solution were not very strongly absorbing, as seemed to be the case for the diquat 
radical cation, any possible colour change would probably be obscured by the strong 
coloration of the original solution. 
Compound (+2/+1) vs. SCE 
diquat -0.608 V 
2 -0.681 V 
3 -0.658 V 
4 -0.692 V 
Table 4.2 Electrochemical data for aqueous diqual and its derivatives 
86 
Cyclic voltammetry of the aqueous solutions has revealed that the diquat analogues 
have similar properties to those of diquat, with a one electron reduction occurring to 
produce the radical-cation. It can be seen from the formal potentials in Table 4.2 that 
the values are more negative for the diquat derivatives compared to diquat itself. 
These expected cathodic shifts for the derivatives compared to diquat show that the 
conjugation to the electron-donating benzo-15-crown-5 or 1,2-dimethoxybenzene 
moieties de-stabilises the formation of the radical cation. 
The well-defined redox waves exhibited for the aqueous solutions of diquat and its 
analogues showed an increase in current with increased scan rate. Diquat was also 
investigated at a number of different concentrations in the range 0.05 mM -I mM and 
the current of the redox wave increased with increased concentration of the salt. EP' 
and Ep' values produced a iEp of 0.06 ± 0.005 V in each case. These results indicate 
that diffusion controlled, reversible processes occur for diquat and the analogues in 
aqueous 0.2 M KCl solution. 
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Upon extension of the potential range, from -0.90 V to -1.20 V, the further reduction 
of the radical cation of diquat was observed, although this second wave exhibited the 
shape characteristic of an adsorbed species as shown in Figure 4.11. This type of 
behaviour has previously been described for both paraquat and diquat in aqueous 
solution. 152,154 It was proposed that this behaviour was due to the low solubility of the 
neutral species. 
For the diquat analogues in aqueous solution it was not possible to observe the 
formation of the neutral diradical species upon extension of the potential range. This 
was presumably due to the potential limits of water as a solvent as the second redox 
wave has been observed for diquat and the analogues in acetonitrile. 
149 However, 
although the process in acetonitrile initially appeared to be reversible, it gradually 
became irreversible upon sequential scans. 
In acetonitrile an intensely green coloured solution of the diquat radical cation was 
reported. This is in comparison to the very slightly pale green colour which was 
visually observed for aqueous solutions of the diquat radical cation in this study. 
However it is interesting to note that upon extension of the potential range, and 
reduction of aqueous diquat to its neutral diradical species, the green coloration which 
was visually observed at the electrode/electrolyte interface was intensified. 
A reason postulated for this observation is the comproportionation reaction, which is 
widely observed in viologen redox chemistry. In this reaction (eq. 3 below), 1 mole of 
viologen dication reacts with 1 mole of di-reduced viologen to form 2 moles of the 
radical cation. Thus: 
DQ2+ +e_ DQ+. (1) 
DQ+' + e' = DQ (2) 
DQ + DQ2+ = 2DQ+' (3) 
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The green colour initially observed is due to the mono-reduction of the diquat dication 
(eq. 1) but a more intense colour of the same hue is then observed following di- 
reduction (eq. 2) due to subsequent formation of the diquat radical cation species via 
the comproportionation reaction (eq. 3). This is supported by the shape of the CV in 
Figure 4.11, where for the second redox couple (eq. 2) ip/ipa is greater than unity 
because the ratio is effectively [DQ2+']/[DQ] at the electrode surface - and [DQ2+. ] has 
increased with respect to [DQ]. 
4.2.2 UV/vis Spectroscopy 
Spectrometric determination of the dication and radical cation states is an important 
method for determining whether or not a bipyridilium compound might be useful as an 
electrochromic material. Boon44 reported values of = 308-11 nm and 
s= 19.5 x 103 M"' cm 1 for the ultraviolet absorption spectra of diquat in water. This 
strong absorption in the UV/vis region exhibited by diquat prompted quantitative 
measurements at 310 nm for detection of aqueous formulations of the herbicide. "" 
Methods have also been reported for determining diquat residues in water 155b and in 
food crops, ""' using the ultraviolet absorptiometry of the reduced ions. Diquat was 
chemically reduced by reaction with alkaline sodium dithionite, producing the green 
coloured free radical which is relatively stable in an excess of reducing agent. The 
spectrum for the radical cation of diquat in aqueous solution was reported to show a 
sharp peak at 378 nm, tailing off through the visible region with an inflection from 
410 nm to 440 nm. 
UV/vis spectra for the dication state of diquat and the analogues 
UV/vis absorbance data is now reported for diquat and the substituted analogues in 
aqueous 0.2 M KCI. Experiments were undertaken at 20,30 and 50 T. The resulting 
absorption spectra did not vary with temperature and it was found that the Beer- 
Lambert Law applied for diquat and the analogues in aqueous solution in this 
temperature range. Beer's Law plots in the concentration range of 0.01 - 0.1 mM, 
such as the one shown for diquat in Figure 4.12, were used to calculate the extinction 
coefficients. The absorption spectra for diquat and the analogues are shown in Figures 
4.13 - 4.16, with the data summarised in Table 4.3. Extinction coefficients are quoted 
with an accuracy of 3 figures and the k values have an error of ±1 nm. 
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4.,, /nm (10'4E/M-' cm ') 
diquat 2 3 4 
204(l. 74) 211 (2.48) 207 (2.32) 211 (2.65) 
217(l. 56) 317(l. 97) 321 (1.53) 316 (2.19) 
309 (1.91) 445 (2.11) 459 (1.55) 442 (2.23) 
Table 4.3 Electronic absorption data for diquat and its analogues 
in aqueous 0.2 M KCI at 20 'C 
The absorbance spectrum for the dication of diquat in aqueous solution exhibits several 
bands in the UV region. The values obtained in these studies of A,,,, = 309 nm and c 
= 1.91 x 104 M"' cm'' for diquat agree with those published by Boon. 144 For the diquat 
analogues, extra absorbance bands are present in the visible region of the spectra. The 
vinylic groups in the analogues allow electronic communication between the diquat 
moiety and the benzo-15-crown-5 or the 1,2-dimethoxybenzene moieties; thus 
increasing the conjugation within the molecules and resulting in the significant 
absorption in the visible region. Diquat in aqueous 0.2 M KCl is colourless whereas 
the diquat analogue solutions are orange/brown in colour. The colours of the 
derivative solutions are thus attributed to charge transfer between the electron-rich 
benzo-15-crown-5 or 1,2-dimethoxybenzene units and the electron-deficient 
bipyridilium ring system of the diquat dication. 
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Figure 4.12 Beer's Law plot for diquat in aqueous 0.2 M KCI at 20 °C 
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Figure 4.13 Electronic absorption spectrum of 0.1 mM digriat 
in aqueous 0.2 M KCl at 20 'C 
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Figure 4.14 Electronic absorption spectrum of 0.1 mM 2 
in aqueous 0.2 MKC1 at 20 °C 
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Figure 4.15 Electronic absorption spectrum of 0.1 mM 3 
in aqueous 0.2 M KCI at 20 'C 
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Figure 4.16 Electronic absorption spectrum of 0.1 mM 4 
in aqueous 0.2 M KCI at 20 °C 
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UV/vis spectra for the radical-cation state of diquat and its derivatives 
Cyclic voltammetry experiments for each of the aqueous diquat solutions were 
performed in the spectroelectrochemical cell and UV/vis absorbance spectra recorded 
at the negative limit of the scan (-0.90 V). It was hoped that these simple 
spectroelectrochemical experiments would provide some spectral data for the aqueous 
diquat solutions in their radical cation states. The results showed no differences to the 
spectral data reported above for the dication states. 
However as has already been described, the production of an intensely green coloured 
radical cation for diquat in aqueous solution, following chemical reduction, has been 
reported on many occasions. Therefore a chemical reduction of the diquat dication in 
aqueous solution was attempted. 0.1 mM diquat in aqueous 0.2 M KCI was reduced 
with 1% sodium dithionite in 2M NaOH and a UV/vis spectrum measured for the 
resulting green solution. This chemical reduction procedure was repeated for the 
diquat analogues and resulted in a colour change from dark orangelbrown to green in 
each case. The absorption spectra are shown in Figures 4.17 - 4.20 and the data is 
summarised in Table 4.4. A broad absorption band from 600 nm - 800 rim was also 
observed for each of the compounds. 
Inm (10-4 E/M' Crn') 
diquat 2 3 4 
381 (1.35)) 386 (0.96) 390 (0.73) 386 (1.01) 
444 (0.24) 434 (0.23) 438 (0.17) 432 (0.33) 
462 (0.18) 470 (0.23) 474 (0.15) 468 (0.25) 
Table4.4 Electronic absorption data at 20 °C for diquat and its analogues 
in aqueous 0.2 M KCI after chemical reduction 
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Figure 4.17 Electronic absorption spectrum at 20 °C of 0.1 mM diquat 
in aqueous 0.2 M KC1 after chemical reduction 
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Figure 4.18 Electronic absorption spectrum at 20 °C of 0.1 nW 2 
in aqueous 0.2 M KCI after chemical reduction 
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Figure 4.19 Electronic absorption spectrum at 20 °C of 0.1 mM 3 
in aqueous 0.2 M KC1 after chemical reduction 
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Figure 4.20 Electronic absorption spectrum at 20 °C of 0.1 mM 4 
in aqueous 0.2 M KCl after chemical reduction 
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4.3 Electropolymerisation studies 
The diquat derivative shown in Figure 4.21 (4-vinyl-4'-methyl-N, N'-ethylene-2,2'- 
bipyridinium) has been reported to undergo electropolymerisation. 1S6 Electroreductive 
polymerisation of the monomer gave rise to the polymeric viologen prepared as a thin 
film on the electrode. Repetitive potential cycling caused the electrochemical waves to 
increase steadily in size and to become more symmetrically shaped (observations 
associated with accumulation of an electroactive film on the electrode surface). An 
analogous experiment when diquat was reduced by repetitive potential scans gave no 
enhancement of its electrochemical waves and no evidence of viologen electroactivity 
upon transfer of the electrode to clean supporting electrolytes. Murray et al. therefore 
concluded that the presence of the vinyl substituent was essential for the observation. 
Figure 4.21 Structure of 4-vinyl-4 -methyl-N, N'-ethylene-2,2 -bipyridinium 
The diquat analogues shown in Figure 4.4 include the same vinyl substituent. It was 
therefore anticipated that electropolymerisation would take place via reductive 
activation of these vinyl linkages. The predicted formation of such a polymer film 
would be very important when considering the use of the diquat analogues as 
electrochromic materials in solid state devices. 
Thus the analogues were studied for electropolymerisation, using cyclic voltammetry at 
100 mVs' in the standard electrochemical cell with a `small' ITO glass w. e. 0.1 mm 
solutions of the diquat analogues, with aqueous 0.2 M KCl as supporting electrolyte, 
were continuously cycled between 0 and -0.90 V. However repetitive CVs showed 
96 
that electropolymerisation did not occur. There was no increase in the current with 
increase in scan number as had been expected. Experiments were also attempted using 
0.1 mM solutions of the diquat analogues with 0.1 M Bu4NC1O4 in acetonitrile as 
supporting electrolyte, as was used in Murray's studies. Electropolymerisation was 
still not observed. It was concluded at this point that the diquat analogues were not 
electropolymerised because the samples were possibly too pure. Murray had 
commented on the fact that highly purified vinyl substituted diquat derivatives 
polymerised very slowly, if at all. The presence of dimers or small oligomers greatly 
facilitates the production of the electroreductive film. 
However, a series of subsequent experiments appeared to uncover the real reason for 
the absence of electropolymerisation. Electrolysis type experiments were performed 
on diquat and the analogues in aqueous solution, degassed with nitrogen. Changes 
were monitored via UV/vis spectrometry. These experiments were conducted in the 
spectroelectrochemical cell and spectra taken in-situ. For each aqueous solution, a 
UV/vis spectrum was recorded at 0.0 V. The potential was then held at -0.90 V for 90 
minutes and spectra were recorded every 5 minutes. The potential was then switched 
back to 0.0 V and held for 30 minutes, with spectra being measured in-situ again every 
5 minutes. Some interesting results were obtained and the results are shown in 
Figures 4.22 - 4.25. 
A significant decrease in absorbance value was observed for the analogues at the 
wavelength value of approximately 440 nm in each case - with a resulting spectrum 
after 90 minutes looking very similar to that of the diquat dication in aqueous solution 
with a single peak at approximately 310 nrn (i. e. the peak at 440 nm had gone and did 
not reappear when the potential was switched back to 0.0 V). The analogues in 
aqueous solution changed from dark orangelbrown to colourless during these 
experiments. An irreversible change had occurred, suggesting a loss of conjugation, a 
chemical change. It was concluded that under the conditions chosen electroreduction 
appeared to saturate the vinylic bond, rather than generate radicals which might have 
paired up, oligomerised and then polymerised. 
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Figure 4.22 Electronic Absorption Spectra at 20 °C recorded every 5 minutes, for 
90 minutes, of 0.1 mM 2 in 0.2 M KCl (iºº spectroelectrochemical cell) held at -0.90 I' 
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Figure 4.23 Electronic Absorption Spectra at 20 °C recorded every 5 minutes, for 
90 minutes, of 0.1 mM 3 in 0.2 M KC! (in spectroelectrochemical cell) held at -0.90 V 
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Figure 4.24 Electronic Absorption Spectra at 20 °C recorded every 5 minutes, for 
90 minutes, of 0.1 mM 4 in 0.2 M KCl On spectroelectrvchemical cell) held at -0.90 1' 
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Figure 4.25 Electronic Absoiption Spectra recorded every 5 nrlmnites, for 90 minutes, 
of 0.1 mM diquat in 0.2 M KCl (irr spectroelectrvchemical cell) held at -0.90 V. Inset 
shows an enlarged version of the area 390- 440 mun 
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The experiment with diquat showed a decrease in the absorbance value at 310 nm, 
with a slight increase in absorbance visible in the region of 390 - 440 nm. This 
increase in absorbance corresponds to the inflection observed in the UV/vis spectra of 
diquat after chemical reduction (Figure 4.21). Presumably this slight increase in the 
diquat spectrum was due to the production of the radical cation. This was an exciting 
result as this appeared to be the first electrochemical experiment that had been 
conducted where spectral data had been successfully measured in-situ for the radical 
cation. 
The above experiments were also repeated using an accessory for the diode array 
spectrometer which allowed stirring of the solution in the cuvette, thus increasing mass 
transport at the electrode. An increased rate of absorbancy decrease was observed for 
each compound upon stirring of the solution. Experiments were only run for 
15 minutes before absorbance values were reached comparable to those shown in 
Figures 4.22 - 4.25 after 90 minutes. 
4.4 Incorporation into Nafion ®films 
4.4.1 Electrostatic Incorporation 
Investigations were undertaken to discover whether diquat and its analogues would be 
electrostatically bound to Nafion® films as has been shown in Chapter 3 to be the case 
with some 1,1'-di-alkyl-4,4'-bipyridilium salts. This could be particularly 
advantageous for diquat due to the apparently low extinction coefficient of the radical 
cation. Incorporation into a Nafion® film allows pre-concentration of the viologen and 
would thus increase the amount of radical cation at the electrode surface. 
The following experiments were conducted in the standard electrochemical cell using a 
`small' ITO glass w. e. The solutions studied were 0.1 mM in diquat or analogue with 
0.2 M KCl as supporting electrolyte. When a Nafion®"modified electrode was 
immersed into each of the aqueous solutions, the diquat based compounds 
accumulated in the anionic polyelectrolyte. Figures 4.26 - 4.29 show the uptake of 
diquat and its analogues monitored by cyclic voltammetry. An increase in the current 
of the CVs was observed as uptake of the viologen into the Nafion® film via 
electrostatic binding proceeded. 
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Figure 4.26 CV sliowintg incorporation of 0.1 mM diquat into Nafronm film 
monitored by cyclic voltammetry at 10 m Is'. Other conditions as Figure 4.5 
40 T 
2n 
lo 
. lo 
-20- 
. 10- 
40- 
-1.0 -0.9 -0.6 -0.4 -0.2 0.0.2 
Potential V vs. SCE 
Figure 4.27 CV showing incorporation of 0.1 mM 2 into Nafionr®fibn monitored by 
cyclic voltammetryat 10 mVs'. Other conditions as Figure 4. S 
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Figure 4.28 Cl'shouwing incorporation of 0.1 mM. 3 iizto Nafion®film monitored by 
cyclic voltammetry at 10 m Vs". Other conditions as Figure 4.5 
30 
20 
to 
0 
. 10 
. 20 
. 30 
. 40 
-1.0 -0. $ -0.6. -0.4 -0.1 0. 
Poceatlsl, V v*. SCE 
I 
Figure 4.29 CV showing incorporation of 0.1 mM 4 into Nafione film monitored by 
cyclic voltammetry at 10 mVs'. Other conditions as Figure 4.5 
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4.4.2 Electrochemical Response 
Figures 4.30 - 4.33 show the electrochemical response of the modified electrode once 
transferred to pure supporting electrolyte for each of the compounds. At first it 
appears that a significant loss of incorporated diquat based compound was observed on 
this transfer. It is important to note however that Figures 4.26 - 4.29 show CVs which 
are actually illustrative of the summation of the solution and Nafion® incorporated 
response (compare with Figures 4.5 and 4.8 - 4.10 for solution only response). 
Despite this consideration a small loss of viologen still seems to be observed and upon 
sequential scans the current decreases rapidly, as shown for diquat in Figure 4.34, 
indicating rapid loss of the compound from the polymer film. Introduction of 0.01 mm 
of the appropriate diquat based compound into the supporting electrolyte solution 
reduced this loss slightly. 
Formal potentials for the modified electrodes were obtained from the first scan upon 
transfer of the modified electrode to pure supporting electrolyte and are shown in 
Table 4.3. With the exception of diquat itself the formal potentials observed for the 
diquat incorporated Nafion® modified electrodes are more negative than the values 
observed at the bare ITO glass substrate (Table 4.3 c. f. Table 4.2). This observation 
suggests that the incorporation of compounds 2,3 and 4 into a Nafion® film causes de- 
stabilisation of the radical cation species, whereas it seems for diquat that the radical 
cation is stabilised by incorporation into a Nafion® film. 
Compound (+2/+1) 
Diquat -0.598 V 
2 -0.692 V 
3 -0.668 V 
4 -0.696 V 
Table 4.3 Electrochemical data for diquat and its analogues 
incorporated into Nafton®films 
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Figure 4.30 CV at 10 nzVs' of modified electrode transferred to pure supporting 
electrolyte (0.2 M KCl) after incorporation of 0.1 mM diquat into Naf on film. 
Other conditions as Figure 4.5 
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Figure 4.31 CV at 10 mVs-' of modified electrode transferred to pure supporting 
electrolyte (0.2 M KCl) after incorporation of 0.1 nm 2 into Nafion®film. 
Other conditions as Figure 4.5 
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Figure 4.32 CV at 10 n, Vs' of modified electrode transferred to pure supporting 
electrolyte (0.2 M KCl) after incorporation of 0.1 mM 3 into Nafion film. 
Other conditions as Figure 4.5 
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Figure 4.33 CV at 10 mVs " of modified electrode transferred to pure supporting 
electrolyte (0.2 M KCl) after incorporation of 0.1 mM 4 into Nafron®film. 
Other conditions as Figure 4.5 
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Figure 4.34 Ist 5 scans at 10 mVs' of modified electrode transferred to pure 
supporting electrolyte (0.2 M KCl) after incorporation of 0.1 mM diquat into 
Nafiono film. Other conditions as Figure 4.5 
4.4.3 Spectroelectrochemical response 
A further set of experiments were undertaken, again electrostatically incorporating the 
diquat based compounds into a Nafion® film. This time the spectroelectrochemical cell 
was used with a `large' ITO glass w. e. Solutions were 0.1 mM in diquat or analogue 
with 0.2 M KCl as supporting electrolyte. During these studies the uptake of the 
compounds into the Nafion® film was monitored by the in situ measurement of the 
visible absorption spectrum at each negative potential limit (-0.80 V), in the hope of 
obtaining some spectral data for the radical cation. Figures 4.35 - 4.38 show these 
spectral results. 
In the case of the diquat incorporation, a decrease in the peak at 310 nm is observed, 
with a peak at approximately 430 nm appearing, presumably due to the reduction of 
the diquat dication to the green radical cation. The spectra for the diquat based 
analogues were harder to interpret due to the fact that the original orange/brown 
colour of the solutions was so intense and thus if a coloured radical cation was being 
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produced it was probably masked, and thus it was not possible to see a clear peak 
emerging in the spectra. However it was obvious from the spectra that some change 
was occurring as a slight decrease in the peak at approx. 3 15 nm was observed (as for 
diyuat) and the peak at approx. 450 nm also decreased slightly. There did not appear 
to be a broad absorption peak in the 600 nm - 800 nm region as was observed upon 
chemical reduction of the diquat compounds. 
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Figure 4.35 So; ectra recorded at -0.8 V during the electrostatic incoFporalioN of 
0.1 mH digiial into a Nafiomi ' layer at an ITO glass modified electrode. Inset shows 
an enlarged version of the area 390 - 440 mit 
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Figure 4.36 Spectra recorded at -0.8 V during the electrostatic incoFporatioi: of 
0.1 mM 2 into a Nafion"' layer at an 170 glass modified electrode. 
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Figure 4.37 Spectra recorded at -0.8 V during the electrostatic incorporation of 
0.1 mM 3 into a Nafion layer at an ITO glass modified electrode. 
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Figure 4.38 Spectra recorded at -0.8 V during the electrostatic incorporation of 
0.1 mM 4 into a Nafion® layer at an ]TO glass modified electrode. 
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4.5 Conclusions 
The absorbance intensity of the green radical cation of diquat is obviously improved 
by the incorporation of the compound into a Nafion® layer as it was not possible to 
obtain spectral data that differed significantly from that of the dication state when the 
Nafion® layer was not present. However the absorbance intensity observed for the 
green radical cation of diquat did not compare favourably with the much higher 
absorbance intensity observed for the purple radical cation of paraquat incorporated in 
a Nafion® layer. 
109 
Chapter 5 
A Survey of the 
Transition Metal Hexacyanoferrates 
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5.1 Introduction 
The first report of the electrochemistry and electrochromism of iron(M) 
hexacyanoferrate(II), Prussian Blue, was in 1978.8'' Since then numerous studies 
concerning the electrochemistry of PB and related analogues have taken place and the 
subject has been reviewed. 3 However, although a number of metal hexacyanoferrate 
thin films have been reported in the literature, the majority have only been studied as 
modified electrodes. Their electrochromic potential has not been commented on. 
When surveying the transition metals it was noted that there were many more metals 
which could be studied as metal HCFs and investigated for electrochromic potential. 
A survey of the transition metals seemed a field open for further investigation and 
exploitation. 
Sc Ti V Cr Mn Fe Co Ni Cu Zn 
Y zr Nb Mo Tc Ru Rh Pd Ag Cd 
La Hf Ta w Re Os Ir Pt Au Hg 
Table 5.1 Transition metals (in bold) which have hereby been investigated 
for their potential electrochromic properties as metal hexacyanoferrate thin 
films at ITO glass electrode substrates in analogy with PB (FeHCF) 
The aim of the current research was therefore an attempt to survey the transition 
metals for the formation of metal hexacyanoferrate modified electrodes with a view to 
characterising their optical properties. Table 5.1 shows, in bold, those metals which 
were investigated at this time. Experimental difficulties, such as obtaining starting 
materials, meant that a full survey of the transition metals could not be completed, 
although many more than before have been studied and for the first time 
electrochemical and spectrochemical data for a collection of PB analogue thin films at 
ITO glass w. e. 's are presented. 
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Each section of this chapter details different transition metal hexacyanoferrate studies, 
initially discussing any previous literature and then presenting current results. Those 
compounds which have already been reported in the literature as electrochromic, with 
characterisation of their optical properties, are discussed and experiments were 
repeated in our laboratory at Loughborough, but no current results are included here 
as all were comparable with those previously published. Literature procedures were 
used as a guide for the electrochemical deposition of metal hexacyanoferrates (as 
detailed in Chapter 2). Specific experimental details are given for each compound in 
the appropriate sections of this chapter. 
All modification experiments were initially carried out in the standard electrochemical 
cell using a `small' ITO glass as the w. e. and a Pt gauze as the s. e. All potentials are 
reported versus the SCE. All solutions were thoroughly degassed with nitrogen before 
modification took place. Electrochemical data is reported as obtained from 
experiments utilising such `small' ITO electrodes. 
Spectroelectrochemical experiments were conducted in the spectroelectrochemical cell 
with `large' ITO glass as w. e. 's, thus enabling UV/vis absorption spectra to be 
recorded for the different redox states of the films. Potentials are reported versus a 
SCE which was connected to the cell via a Luggin capillary as detailed in Chapter 2. 
All solutions were degassed thoroughly with nitrogen prior to electrode modification. 
5.2 Titanium Hexacyanoferrate 
The preparation and characterisation of mixed-valent TiHCF films was reported in 
1990 by Jiang et al. "' Glassy carbon and gold substrates were modified by potential 
scanning from +0.6 V to -0.4 V in oxygen-free equimolar solutions of K3Fe(CM6 and 
Ti(S04)2, with H2S04 as the background electrolyte. The resulting film was visually 
observed as brown-violet in colour. The film showed a well-defined set of single 
reduction and reoxidation peaks at approximately 0.0 V in aqueous electrolyte (1 M 
HCl or 1M HCl +1M KC1). However, there was no mention of the potential 
electrochromicity of such a film and no UV/vis data was published for the two redox 
states. 
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Current research investigates thin films of TiHCF for their electrochromic properties. 
The successful deposition of TiHCF thin films on 1TO glass substrates are reported, 
thus enabling absorption spectra for the oxidised and reduced states to be measured by 
UVivis absorption spectroscopy. TiHCF film formation was achieved following 
Jiang's method, via potential cycling between +0.6 V to -0.4 V, for 30 minutes at 100 
mVs"', in a modification solution containing 2 mM K3Fe(CN)6 and 2 mM Ti(S04)2 
with 2M H2SO4 as the background electrolyte. 
Figure 5.1 shows every 15th cycle recorded during the TiHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.05 V and decreases at +0.55 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, 1M KCl (pH 1), a single and well-defined reversible redox- 
couple is observed (Ef = +0.05 V). A CV at 100 mVs'1 for the TiHCF modified ITO 
glass electrode in 1M KCl (pH 1) is shown in Figure 5.2. The peak currents were 
linearly proportional to the scan rate between 5 and 200 mVs'1 and the peak potentials 
were almost unchanged with AEp = 10-20 mV. 
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Figure S. 1 'Small ' ITO glass electrode modification with TiHCF by potential cycling 
at 100 mVs ' for 30 minutes in standard electrochemical cell. 
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Figure 5.2 CV at 100 m Vs' of TiHCF modified I TO glass electrode 
after transfer to 1 MKC1 (pH 1) 
(b) 
(a 
... _. 
ý0ý 
---- -- - -- 
tfn 400 45" %nn \1n fnn ASO u+n t'n pn 
Figure S. 3 UV/vis Spectra for TiHCF modfi ted ITO glass electrode in 1M KCI 
(pH 1) (a) +0.5 V (brown) (b) -0.2 V (pale yellow) and (c) bare ITO electrode 
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When modification of the large ITO glass electrodes was conducted in the 
spectroelectrochemicalcell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The TiHCF modified electrode was 
visually seen to change colour from brown to pale yellow as it was switched between 
it's' oxidised and reduced states. The thin film was observed as brown at potentials 
more positive of +0.05 V, and pale yellow more negative than -0.1 V. UV/vis spectra 
are shown in Figure 5.3. 
5.3 Vanadium Hexacyanoferrate 
Shaojun and Fengbin91b, ` first reported an electrochromic film of vanadium 
hexacyanoferrate, deposited on a platinum substrate, in 1986. The VHCF modified 
electrode was prepared by immersing the platinum substrate in a sulphuric acid 
solution containing equimolar Na3VO4 and K3Fe(CN)6, followed by potential scanning 
between +0.4 V and +1.2 V for several minutes. The resulting film was reported as 
yellow or green in colour (where vanadium was trivalent or tetravalent respectively), 
dependent on the final potential applied. The redox chemistry was reported to involve 
both the iron and vanadium ions in the compound. 
Carpenter et a/. 91 a have since published work in which they characterised VHCF films 
and their spectroelectrochemistry more fully and present evidence that the 
electrochromic reaction involves only the iron ions in the films. Films of VHCF were 
deposited potentiodynamically using the method of Shaojun and Fengbin. ITO glass 
and Pt disk substrates were employed. The electrodes were immersed in the 
modification solution and their potential was swept positive from the open circuit 
potential to +1.155 V, and then continuously between +1.155 V and +0.355 V. 
Cyclic voltammetry experiments were conducted using a background electrolyte 
containing K2SO4 and H2S04. The film showed two well-defined sets of reduction and 
reoxidation peaks at approximately +0.80 V and +0.90 V when transferred to pure 
supporting electrolyte. The film was visually observed to be electrochromic with a 
colour change from yellow to green being seen when a reduced film was oxidised. 
Absorbance spectra of the VHCF films on ITO glass were recorded in situ to quantify 
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this change. From the results it was clear that although the films are electrochromic in 
the visible region, the major electrochromic modulation occurred in the UV region. 
The spectrum of the reduced film showed that the yellow colour observed was due to 
a weak, broad absorbance band in the visible region. Two small peaks centred at 
about 580 nm and 760 nm in the spectrum of the oxidised film result in the green 
coloration. These results have been reproduced in the laboratories at Loughborough. 
5.4 Chromium and Molybdenum 
Chromium Hexacyanoferrate 
Jiang et al. 158 reported the synthesis of a CrHCF film on glassy carbon or graphite 
substrates by potential cycling between +0.5 V and -1.3 V in a modification solution 
containing K3Fe(CN)6 and CrC13, with KCl (pH 1) as the supporting electrolyte. 
Deposition at a gold electrode substrate was also achieved using the potential cycling 
method, but with a modification solution containing K3Fe(CN)6 and Cr2(S04)3, with 
K2S04 (pH 1) as the supporting electrolyte. 
Cyclic voltammetry experiments were reported and a single, well-developed redox 
couple was observed at approximately +0.65 V. It was noted that the Cr(III) was not 
expected to be electroactive in the range of potentials investigated, and thus the 
reaction was attributed to the reversible redox behaviour of the 
hexacyanoferrate(IH, Il) in the film. A comment about the electrochromic effect of the 
CrHCF film which could apparently be observed on glassy carbon was included in 
this publication. The film was visually observed as grey at potentials negative of +0.2 
V and blue at potentials positive of +1.0 V. No UV/vis spectral data were however 
reported. 
Current research investigates thin films of CrHCF in an attempt to characterise their 
optical properties. The successful deposition of CrHCF thin films on ITO glass 
substrates are reported, thus enabling absorption spectra for the oxidised and reduced 
states to be measured by UV/vis absorption spectroscopy. CrHCF film formation was 
achieved via potential cycling between -1.0 V to +1.3 V, for 30 minutes at 100 mVs'', 
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in a modification solution containing l mM K3Fe(CN)6 and I mM CrClz, with 
IM KCI (pH 1) as the background electrolyte. 
Figure 5.4 shows every 15th cycle recorded during the CrHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.6 V and decreases at + 0.05 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, 1M KCl (pH 1), a single and well-defined reversible redox- 
couple is observed (E1 +0.69 V). A CV at 100 mVs" for the CrHCF modified ITO 
glass electrode in IM KCl (pH 1) is shown in Figure 5.5. The peak currents were 
linearly proportional to the scan rate between 5 and 200 mVs'' and the peak potentials 
were almost unchanged with DEp = 10-20 mV. 
When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The CrHCF modified electrode was 
visually seen to change colour from blue to pale blue/grey as it was switched between 
it's oxidised and reduced states. The thin film was observed as blue at potentials more 
positive of+l .0V, and pale 
blue/grey more negative than +0.25 V. UV/vis spectra are 
shown in Figure 5.6. 
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Figure S. 4 'Small 'I TO glass electrode modification with CrHCF by potential 
cycling at 100 ni Vs' for 30 minutes in standard electrochemical cell. 
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Figure S. 5 CV at 100 m Vs' of CrHCF modified ITO glass electrode 
after transfer to I Al KCl (pH 1) 
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Figure S. 6 UV/vis Spectra for CrHCF modified 170 glass electrode in IM KCl 
(pH 1) (a) +1.0 V (bhie) (b) 0.0 V (pale blue/grey) and (c) bare ITO electrode 
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Molybdeinun Hexacyanoferrate 
Dong and Jin"9 immobilised MoHCF films on Pt electrode surfaces by potential 
scanning between +0.6 V and -0. l V for several minutes at 200 mVs" in a 
modification solution containing potassium molybdate and K3Fe(CN)6 in a 
hydrochloric acid solution. The resulting film was reported as red in colour, 
independent of the final potential applied. Cyclic voltammetry experiments once the 
modified electrode was transferred to pure supporting electrolyte (1 M KCl) were 
reported and a single, well-developed redox couple was observed at approximately 
+0.3 V. The reaction was attributed to the reversible redox behaviour of the 
hexacyanoferrate(III, II) in the film. The potential for such a film to exhibit 
electrochromic properties was not discussed, and no UV/i'is spectral data was 
reported. 
Current research investigates thin films of MoHCF in an attempt to characterise their 
optical properties. The successful deposition of MoHCF thin films on ITO glass 
substrates are reported, thus enabling absorption spectra for the oxidised and reduced 
states to be measured by UV/vis absorption spectroscopy. MoHCF film formation was 
achieved following Dong and Jin's method, via potential cycling between +0.6 V to 
-0.1 V, for 30 minutes at 100 mVs 
', in a modification solution containing 
2 mM K3Fe(CN)6 and 2 mM MoO3, with 4M HCI as the background electrolyte. 
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Figure 5.7 'Small'ITO glass electrode modification with MoHCF by potential 
cycling at 100 mVs'for 30 minutes in standard electrochemical cell. 
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Figure 5.7 shows every 15th cycle recorded during the MoHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.3 V and decreases at + 0.05 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, IM KCI (pH 1), a single and well-defined reversible redox- 
couple is observed (Lf = +0.32 V). A CV at 100 mVs" for the MoHCF modified ITO 
glass electrode in IM KCI (pH 1) is shown in Figure 5.8. The peak currents were 
linearly proportional to the scan rate between 5 and 200 mVs' and the peak potentials 
were almost unchanged with AEp = 10-20 mV. 
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Figure S. 8 CV at 100 mVs 4 of MoHCF modified ITO glass electrode 
after transfer to IM KCl (pH 1) 
When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The MoHCF modified electrode was 
visually seen to change colour from red to pink as it was switched between it's 
oxidised and reduced states. The thin film was observed as pink at potentials more 
positive of +0.6 V, and red more negative than +0. l V. UV/vis spectra are shown in 
Figure 5.9. 
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Figure S. 9 UJ iris Spectra for MoHCF modified ITO glass electrode 
in IM KCl (pH 1) (a) + 0.8 V (pink) (b) 0.0 V (red) and (c) bare ITO electrode 
5.5 Manganese and Rhenium 
Manganese Hexacyanoferrate 
The modification of GC electrodes with films of the mixed metal system PB-Mn-HCF 
have previously been reported16° although the potential electrochromic potential of 
such a film or that of the simpler MnHCF were not commented on. Manganese 
hexacyanoferrate thin films have now been successfully grown on ITO glass surfaces 
by potential cycling between +1.0 V and 0.0 V, for 30 minutes, at 100 mVs 3. The 
modification solution was 0.5 mM K3Fe(CN)6, I mM MnC12 and 0.5 M KCl (pH 2). 
The optical properties of the film have been characterised by UV/vis absorption 
spectroscopy. 
Figure 5.10 shows every 15th cycle recorded during the MnHCF film deposition at a 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.75 V and decreases at +0.3 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, 0.5 M KCl (pH 2), a single and well-defined reversible redox- 
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couple is observed (I! = +0.76 V). A CV at 100 mVs 1 for the MnHCF modified ITO 
glass electrode in 0.5 M KCl (pH 2) is shown in Figure 5.11. The peak currents were 
linearly proportional to the scan rate between 5 and 200 mVs' and the peak potentials 
were almost unchanged with DEp = 10 mV. 
When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The MnHCF modified electrode appeared 
to show an electrochromic colour change from pale yellow to colourless. The thin film 
was visually observed as pale yellow at potentials of +0.8 V, and colourless more 
negative of +0-3 V. UV/vis spectra are shown in Figure 5.12. 
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Figure S. 10 'Small ' ITO glass electrode modification with M'IHCF by potential 
cycling at 100 mVs' for 30 minutes in standard electrochemical cell. 
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Figure S. 12 UV/vis Spectra for MMIHCF modified I TO glass electrode in 0.5 Al KC! 
(pH 2) (a) +1.0 V (pale yellow) (b) +0.2 V (colourless) and (c) bare ITO electrode 
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Rheniwn Hexacyanoferrate 
The preparation of a novel transition metal hexacyanoferrate modified electrode has 
been realised through the current research and is now reported. Rhenium 
hexacyanoferrate thin films were successfully grown on ITO glass surfaces by potential 
cycling between +1.0 V and 0.0 V, for 30 minutes, at 100 mVs '. The modification 
solution was 0.5 mM K3Fe(CN)6,1 mM ReC12 and 0.5 M KCl (pH 2). The optical 
properties of the film have been characterised by UV/vis absorption spectroscopy. 
Figure 5.13 shows every 15th cycle recorded during the ReHCF film deposition at a 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.70 V and decreases at +0.25 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, 0.5 M KCl (pH 2), a single and well-defined reversible redox- 
couple is observed (Lr = +0.70 V). A CV at 100 mVs' for the ReHCF modified ITO 
glass electrode in 0.5 M KCI (pH 2) is shown in Figure-5.14. The peak currents were 
linearly proportional to the scan rate between 5 and 200 mVs" and the peak potentials 
were almost unchanged with iEp = 10 mV. 
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Figure 5.13 'Small ' ITO glass electrode modV'cation with ReHCF by potential 
cycling at 100 mVs'for 30 minutes in standard electrochemical cell. 
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Figure 5.14 CV at 100 mVs-' of ReHCFmodrfied ITO glass electrode 
after transfer to 0.5 M KC1 (pH 2) 
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Figure S. 15 UV/vis Spectra for ReHCF modified ITO glass electrode in 0.5 M KCl 
(pH 2) (a) +1.0 V (pale yellow) (b) 0.0 V (colourless) and (c) bare ITO electrode 
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When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The ReHCF modified electrode appeared 
to show an electrochromic colour change from pale yellow to colourless. The thin film 
was visually observed as pale yellow at potentials of +0.8 V, and colourless more 
negative of+0.1 V. UV/vis spectra are shown in Figure 5.15. 
S. 6 Iron, Ruthenium and Osmium 
Iron Hexacyanoferrate, Prussian Bhie 
PB thin films are generally prepared by the original method based on electrochemical 
deposition. 82 This method was that employed in the laboratory at Loughborough as 
described in Chapter 2. Figure 5.16 shows a CV for a typically PB modified ITO glass 
electrode as recorded in the laboratories at Loughborough. Figure 5.17 shows spectra 
for the yellow, green, blue and colourless forms of this PB thin film and its redox 
variants. 
Figure 5.. 16 CV at 100 mVs' for PB modified ITO glass electrode 
after transfer to 0.5 M KC! (pH 2) 
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Figure S. 17 UV/vis Spectra for PB modified ITO glass electrode in 0.5 M KC! (pH 2) 
(a) + 0.50 V(blue) (h) -0.20 V (colourless) (c) +0.80 V (green) (d) + 1.2 V (ye/lou) 
and (e) bare ITO electrode 
Ruthenium Purple 
The ruthenium hexacyanoferrate analogue of PB was not investigated because 
ruthenium purple (iron(III) hexacyanoruthenate(II)) thin films have previously been 
studied and utilised in an ECD prototype. Ruthenium purple thin films were prepared 
by the electroreduction from a solution containing appropriate iron and 
hexacyanoruthenate salts, either potentiostatically89', galvanostatically89b, ° or using 
copper wire as a sacrificial anode. 89a Preparation of RP via the galvanostatic method 
was conducted in the laboratories at Loughborough and an absorption spectrum was 
recorded for the thin film, with an absorption maxima of 560 nm in agreement with 
results reported by Ataki et al. 89c 
Osmium Purple 
The osmium hexacyanoferrate analogue of PB was not investigated either because 
osmium purple (iron(III) hexacyano-osmate(II)) thin films have previously been 
prepared using the galvanostatic technique described for RP. 89b OP, RP and PB 
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prepared via this method were all used by Ataki et a09' as the electrochrome in a 
seven-segment electrochromic display. The same method was used in the laboratories 
at Loughborough to modify an ITO glass substrate with OP and an absorption 
spectrum was recorded for the thin film, with an absorption maxima at 570 nm. 
S. 7 Cobalt and Rhodium 
Cobalt Hexacyanoferrate 
Joseph and co-workers16' have modified wax impregnated graphite working electrodes 
with CoHCF by cycling the electrode potential in a clear solution containing 
K3Fe(CN)6 and CoCl2. Gao and co-workers162 have since used the same modification 
solution, to successfully modify glassy carbon and platinum electrodes with CoHCF 
thin films. They commented upon the fact that the thin film's extraordinarily high 
stability makes it useful for electrochromic devices. A peak potential for the reversible 
redox couple has been reported at around +0.40 V and comments were made 
concerning the electrochromic change in this region, from dark green in the reduced 
form to brown in the oxidised form. 
Thus when our studies began, CoHCF modified electrodes had been studied and the 
film's electrochromic properties had been commented on in terms of visual 
observations at the electrode surface. However no UV/vis spectral data appeared 
available for the different coloured states. It was the aim of the following experiment 
to modify an ITO glass w. e. substrate with a CoHCF film, enabling the spectra for the 
oxidised and reduced states to be measured in situ by UVIvis absorption spectroscopy. 
Modification of the ITO glass w. e. 's with CoHCF was achieved by potential cycling 
between +0.85 V and 0.0 V, for 30 minutes at 100 mVs 1, in a modification solution 
containing 0.5 mM K3Fe(CN)6 and I mM CoC12 in 0.5 M KCI. 
Figure 5.18 shows successive cycles recorded during the CoHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. Deposition occurred 
during negative scans with an increase in current observed at the potentials of +0.38 V 
and +0.65 V. Upon transfer to pure supporting electrolyte (0.5 M KCI) a single redox 
couple is observed (Ef = +0.59 V). A CV at 100 mVs 1 for the CoHCF modified ITO 
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glass electrode in 0.5 M KCI is shown in Figure 5.19. The film seemed to deteriorate 
rapidly upon successive cycles and no more clectrochemical data was obtained. 
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Figure 5.18 'Small ' ITO glass electrode modification with CoHCF by potential 
cycling at 100 mVs 1 for 30 minutes in standard electrochemical cell. 
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Figure 5.19 CV at 100 mVs ' of CoHCF modified ITO glass electrode 
after transfer to 0.5 M KC! 
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Nevertheless, when modification of the `large' ITO glass electrodes was conducted in 
the spectroelectrochemical cell it was possible to record UV/vi. s spectral data for the 
oxidised and reduced states of the thin film. The CoHCF modified electrode showed 
the expected electrochromic colour change from dark green to green brown. The thin 
film was visually observed as dark green at potentials more negative of +0.4 V and 
green/brown at potentials more positive of +0.6 V. Supporting UV/vis spectral 
data 
are shown in Figure 5.20. 
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Figure 5.20 UVIvis Spectra for CoHCF modified ITO glass electrode in 0. S M KCl 
(a) +0.85 V (green. "brow& (b) 0.0 V (dark green) and (c) bare ITO electrode 
Shortly after these experiments, a study was reported by Kulesza and co-workers 1`3 of 
CoHCF on Pt electrodes, and also on ITO glass. They used the same potential cycling 
method and report a peak potential of +0.55 V in IM KCI. They also report the 
electrochromic change in terms of UVIvis spectral data which corresponds well with 
the results above for CoHCF thin films at ITO glass electrodes in 0.5 M KCI. The 
oxidised form shows a peak at approx. 490 nm and is reported as purple brown. 
Rhodium Hexacyanoferrale 
The preparation of another novel transition metal hexacyanoferrate modified electrode 
has been realised through the current research and is now reported. Rhodium 
1.1 
Ihi 
1c1 
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hexacyanoferrate thin films were successfully grown on ITO glass surfaces by potential 
cycling between +1.0 V and 0.0 V, for 30 minutes, at 100 mVs''. The modification 
solution was 0.5 mM K3Fe(CN)6,1 mM RhC13 and 0.5 M KCl (pH 2). The optical 
properties of the film have been characterised by UV/i'is absorption spectroscopy. 
Figure 5.21 shows successive cycles recorded during the RhHCF film deposition at a 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.75 V and decreases at +0.3 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte, 0.5 M KCl (pH 2), a single and well-defined reversible redox- 
couple is observed (L{ = +0.76 V). A CV at 100 mVs" for the RhHCF modified ITO 
glass electrode in 0.5 M KCl (pH 2) is shown in Figure 5.22. 
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Figure 1.21 'Small' 170 glass electrode modifications with RhHCF by potential 
cycling at 100 mVs' for 30 minutes in standard electrochemical cell. 
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Figure 5.23 UV/vis Spectra for RhHCF modified I TO glass electrode in 0.5 M KCl 
(a) +1.0 V (pale yellow) (b) 0.0 V (colourless) and (c) bare ITO electrode 
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When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The RhHCF modified electrode appeared 
to show an electrochromic colour change from pale yellow to colourless. The thin film 
was visually observed as pale yellow at potentials more positive of +0.8 V, and 
colourless more negative of +0.3 V. UV/vis spectra are shown in Figure 5.23. 
-5.8 Nickel, Palladium and Platinum 
Nickel Hexacyanoferrate 
Bocarsly and co-workers164 have prepared nickel hexacyanoferrate films by oxidation 
of nickel in the presence of ferricyanide ions whilst the modification of GC electrode 
surfaces with NiHCF films was discussed by Bharathi et al. 160 in their communication 
concerning modification of electrode surfaces with mixed metal hexacyanoferrates. 
Current research investigates thin films of NiHCF in an attempt to characterise their 
optical properties. The successful deposition of NiHCF thin films on ITO glass 
substrates are reported, thus enabling absorption spectra for the oxidised and reduced 
states to be measured by UV/vis absorption spectroscopy. NiHCF film formation was 
achieved following the method of Bharathi et al. via potential cycling between +1.4 V 
to 0.0 V, for 30 minutes at 100 mVs 1, in a modification solution containing 
2 mM K3Fe(CN)6 and 2 mM NiC12, with 0.5 M KCl as the background electrolyte. 
Figure 5.24 shows successive cycles recorded during the NiHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.55 V as film deposition occurs. Upon transfer to pure supporting electrolyte, 
0.5 M KCI, a single and well-defined reversible redox-couple is observed 
(E' = +0.55 V). A CV at 100 mVs ' for the NiHCF modified ITO glass electrode in 
0.5 M KCl is shown in Figure 5.25. 
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Figure 5.25 CV at 100 n, Vs"of NiHCF modified ITO glass electrode 
after transfer to 0.5 MKCI 
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When modification of the `large' ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UVivis spectral data for the 
oxidised and reduced states of the thin film. The NiHCF modified electrode was 
visually seen to change colour from yellow to colourless as it was switched between 
it's oxidised and reduced states. The thin film was observed as yellow at potentials 
more positive of +1.0 V, and colourless more negative than +0.2 V. UV/vis spectra 
are shown in Figure 5.26. 
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Figure S. 26 UV/vis Spectra for NiHCF mod ITO glass electrode in 0. SM KCl 
(a) + 1.2 V (yellow) (b) 0.0 V (colourless) and (c) bare ITO electrode 
Palladium Hexacyanroferrate 
The preparation of electrochromic palladium hexacyanoferrate films has been reported 
by Jiang and Zhou. 165 A PdHCF thin film could be formed by either simple immersion 
or potential cycling in a mixed solution containing PdCl2 and K3Fe(CN)6. Conducting 
substrates of Ir, Pd, Au, Pt and glassy carbon were used by these researchers. The 
resulting modified electrodes gave broad CV responses, assigned to FeM'(CN)6, the 
Pd° sites being electroinactive. The electrochromicity of such a film was clearly 
observed on glassy carbon substrates. The PdHCF film was reported as visually 
yellow/green at potentials negative of +0.2 V, and orange at potentials of +1.0 V or 
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Figure 5.28 CV at 100 mVs'' of PdHCF modified ITO glass electrode 
after transfer to 0.5 M KCl 
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Figure 5.29 UV/vis Spectra for PdHCF modified ITO glass electrode in 0.5 M KCl 
(a) 0.0 V (pale yelloi) (b) + 1.0 V (dark yellow/orange) and (c) bare ITO electrode 
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When modification of the large ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UVIvis spectral data for the 
oxidised and reduced states of the thin film. The PdHCF modified electrode showed 
the expected electrochromic change. The thin film was visually observed as dark 
yellow/orange at potentials more positive of +0.75 V, and pale yellow at potentials 
more negative of +0.2 V. UV/vis spectra are shown in Figure 5.29. 
Platinum Hexacyanoferrate 
When current PB analogue studies began there was no literature to be found 
concerning the thin film deposition of PtHCF. However, Jiang et al. 166 have since 
reported the modification of a glassy carbon electrode with such a film. The 
preparation of the PtHCF film detailed in the literature was via chemical precipitation 
of H2PtC16 and K3Fe(CN)6. Cyclic voltammetry experiments were reported which 
showed that the modified electrode has a reversible redox couple resulting from the 
hexacyanoferrate in the film on the electrode surface. A peak potential of +0.76 V was 
reported with KCl as the background electrolyte. Although the PtHCF film was 
compared with that of PdHCF in terms of electrochemical response no comment was 
made about the potential electrochromicity of such a film. 
Current research investigated the modification of an ITO glass w. e. with a PtHCF film. 
Thin film deposition was achieved by potential cycling between +1.0 V and 0.0 V, for 
30 minutes at 100 mVs'1, in a modification solution containing 1 mM PtCl4 and 
1 mM K3Fe(CN)6 in IM KCI. Spectral data could then be obtained for the oxidised 
and reduced states of the film using in situ UV/vis absorption spectroscopy. 
Figure 5.30 shows every 15th cycle recorded during the PtHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.75 V and decreases at +0.05 V as film deposition occurs. Upon transfer to pure 
supporting electrolyte (1 M KCl) a single and well-defined reversible redox-couple is 
observed (Ef = +0.75 V). A CV at 100 mVs' for the PtHCF modified ITO glass 
electrode in 1M KC1 is shown in Figure 5.31. The peak currents are linearly 
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proportional to the scan rate between 5 and 200 mVs' and the peak potentials were 
almost unchanged with DEp = 10-20 mV. 
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Figure 5.30 'Small ' ITO glass electrode modification with PtHCF by potential 
cycling at 100 m Iss-' for 30 minutes in standard electrochemical cell. 
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Figure 5.31 CV at 100 mVs-' of P1HCF modified ITO glass electrode 
after transfer to IM KCI (pH 1) 
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An electrochromic colour change from pale blue to colourless was noted. The film 
was visually observed as pale blue at potentials more positive of +0.75 V and 
colourless at potentials more negative of, +0.1 V. UV/ 'is spectra obtained for the 
oxidised and reduced states of the thin film are shown in Figure 5.32. 
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Figure 5.32 UV/vis Spectra for PtHCFnmodified ITO glass electrode in 1 MKCI 
(pH 1) (a) +1.0 V (pale blue) (b) 0.0 V (colourless) and (c) bare ITO electrode 
S. 9 Copper and Silver 
Copper Hexacyanoferrate 
Siperko and Kuwana90 devised a method for the electrodeposition of thin films of 
CuHCF utilising glassy carbon and tin oxide electrode substrates. The electrode 
potential was stepped from +0.03 V to -0.50 V in the presence of the cupric ion 
(CuNO3 in KCIO4). After waiting for a period between 3 and 10 seconds, an aliquot of 
K4Fe(CN)6 solution was injected into the cell. Thicker films were obtained by 
lengthening the time delay prior to the ferrocyanide injection. 
The resulting film showed a well-defined reversible redox couple at about +0.69 V on 
glassy carbon electrode surfaces. The CV waves found for CuHCF deposited on tin 
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oxide substrates were found to be much broader than those on glassy carbon and were 
reported as characteristic of irreversibility. Films of CuHCF on tin oxide were 
however useful for obtaining optical absorption spectra of the oxidised and reduced 
forms of the films. A spectrum for the reduced form of the film was obtained by 
applying a potential of +0.35 V-a broad band at about 490 nm was observed which 
was attributed to the iron to copper charge transfer in the CuHCF. A spectrum for the 
oxidised form of the film was obtained by applying a potential of +1.05 V-a band at 
420 nm was observed which was attributed to the cyanide to iron-charge transfer band 
for the ferricyanide species. In the authors' summary they noted the fact that the 
change in optical properties of CuHCF, and those of other such metal 
hexacyanoferrates which could be stabilised as thin films, make the films potentially 
very valuable for electrochromic device fabrication. These results were reproduced in 
the laboratories at Loughborough. 
Silver/'crosslinked' Nickel Hexacyanoferrate 
Kulesza and co-workers167 reported the formation of Ag/'crosslinked' NiHCF thin 
films on glassy carbon substrates. Electrode modification was accomplished by 
potential cycling in the mixed solution of K3Fe(CN)6, AgNO3 and NiC12. 
Electrodeposition took place during the negative scans, with the cationic Ni+, Ag+ and 
the K+ (from the electrolyte) interacting with the anionic Fe(CN)64" to produce 
sparingly soluble deposits. The potential electrochromic properties of the film were 
not commented on. 
Current research characterises the Ag/NiHCF film's optical properties, by film 
deposition at an ITO glass electrode and subsequent measurement of the UVIvis 
absorption spectra of the reduced and oxidised states. Electrode modification was 
successfully accomplished by potential cycling between +0.85 V and 0.0 V at 50 mVs' 
for 5 minutes. The modification solution was a freshly prepared brown-yellow 
colloidal mixture containing 2 mM K3Fe(CN)6,2 mM AgNO3 and 2 mM NiClz with 
IM KNOB (pH 3) as the background electrolyte. 
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Figure 5.33 shows successive cycles recorded during Ag/NiHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.6 V as film deposition occurs. Upon transfer of the modified electrode to pure 
supporting electrolyte, 1M KNO3 (pH 3), a single and well-defined reversible redox- 
couple is observed (1{ = +0.59 V). A CV at 50 mVs' for the Ag/NiHCF modified 
ITO glass electrode in IM KNO3 (pH 3) is shown in Figure 5.34. 
600 
400 
200 
-200 
-4O(1. 
T 
-Gl)U 
-0.2 0.0 0.2 0.4 0.6 U. 8 1.4 
Potential, V vs. SCE 
Figure 5.33 'Small ' ITO glass electrode modification with Ag/'crosslinked' N1HCF 
by potential cycling at 50 mVs' for 5 minutes in standard electrochemical cell. 
When modification of the `large' ITO glass electrodes was conducted using the same 
deposition technique but in the spectroelectrochemical cell it was possible to record in- 
situ UV/vis spectral data for the oxidised and reduced states of the thin film. The 
Ag/NiHCF modified electrode showed an electrochromic colour change from white to 
pale yellow. The thin film was visually observed as white at potentials below +0.4 V 
and pale yellow at potentials more positive of +0.7 V. UV/vis spectra are shown in 
Figure 5.35. 
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Figure 5.34 CV at 50 m Ps' of Ag/'crosslinked' NiHCF modified ITO glass electrode 
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Figure S. 35 UVIvis Spectra for Ag/'crosslinked' NiHCF modified ITO glass in 
0. S MKCI (a) +0.85 V (pale yellow) (b) 0.0 V (white) and (c) bare ITO electrode 
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5.10 Cadmium Hexacyanoferrate 
Bocarsly et al. 16' have investigated the structure-reactivity relationship in a CdHCF 
modified platinum electrode system. The platinum foil electrodes were derivatised by 
immersion in an aqueous solution containing Cd(N03)2 and the potential was stepped 
from -0.5 V to -1.0 V vs. SCE. After 30 seconds at -1.0 V the electrode was then 
scanned at 100 mVs' to 0.0 V. A cadmium containing deposit was generated by 
holding the electrode at -1.0 V for times varying from 30 seconds to 2 minutes. The 
CdHCF derivative was then produced by soaking the electrode in K3Fe(CN)6 for times 
varying from 6 minutes to several hours. Results were reported which showed CVs 
which were essentially non-ideal in the presence of K+ or Cs+ supporting cations, whilst 
a Na' supporting electrolyte seemed to provide a relatively ideal response with a peak 
potential value of approximately +0.5 V. There was no mention in the literature of the 
possible electrochromic potential of a CdHCF film. 
Current research investigated the modification of an ITO glass w. e. with a CdHCF 
film. Thin film deposition was achieved by potential cycling between +1.0 V and 
0.0 V, for 30 minutes at 100 mVs', in a modification solution containing I mM CdCI2 
and 1 mM K3Fe(CN)6 in IM KCI. Spectral data could then be obtained for the 
oxidised and reduced states of the film using in situ UV/vis absorption spectroscopy. 
Figure 5.36 shows every 15th' cycle recorded during the CdHCF film formation at the 
`small' ITO glass w. e. in the standard electrochemical cell. The current increases at 
+0.65 V as film deposition occurs. Upon transfer to pure supporting electrolyte (1 M 
KCl) a single and well-defined reversible redox-couple is observed (Er = +0.65 V). A 
CV at 100 mVs' for the CdHCF modified ITO glass electrode in 1M KCl is shown in 
Figure 5.37. The peak currents are linearly proportional to the scan rate between 5 
and 200 mVs' and the peak potentials were almost unchanged with AFB = 10-20 mV. 
When modification of the large ITO glass electrodes was conducted in the 
spectroelectrochemical cell it was possible to record UV/vis spectral data for the 
oxidised and reduced states of the thin film. The thin film was visually observed as 
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white at potentials more positive of +0.7 V, and colourless at potentials more negative 
of +0.2 V. , 
UV/vis spectra are shown in Figure 5.38. 
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Figure 5.36 'Small' ITO glass electrode modification with CdHCF by potential 
cycling at 100 mVs 'for 30 minutes in standard electrochemical cell. 
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Figure 5.37 CV at 100 mVs' of CdHCF modified ITO glass electrode 
after transfer to IM KC! (pH 1) 
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Figure S. 38 UV/i'is Spectra for CdHCF modified ITO glass electrode 
in I MKCl (pH 1) (a) 0.8 V (white) (b) 0V (colourless) and (c) bare ITO electrode 
5.11 Conclusions 
A survey of the transition metals for their potential electrochromicity as metal 
hexacyanoferrates analogous to PB has been conducted. This study allows a more 
complete picture of the electrochromic potential of PB and it's analogues to be 
realised. Electrochemical and spectroelectrochemical data have now been reported for 
a wide range of transition metal HCF thin films at ITO glass substrates. However, 
many of the MHCF thin films which were examined showed only a yellow to 
colourless `electrochromic' change, most probably attributable to the redox behaviour 
of the hexacyanoferrate(III, II) in the films, and thus have little potential as 
electrochromic materials in comparison with PB. 
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Chapter 6 
Practical Application of Bipyridilium 
and Prussian Blue Systems in 
Electrochromic Devices 
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6.1 Introduction 
Electrochromic device (ECD) development has initially focused on applications which 
presently employ small LCD displays such as watch faces, clocks, radio dials or even 
personal computer screens. Visions of electrochromic television screens and 
computers are much more ambitious but so far the slow response times exhibited by 
ECDs make such applications an unrealistic goal. Such ECD applications require 
multiple electrodes in contrast to several ECD applications which only require a single 
`working' electrode to produce an expanse of colour. 
Although a number of operational difficulties are presently associated with ECDs, a 
variety have been commercialised. The prices of shares in the Tokyo Stock Exchange 
are indicated using an ECD based upon W037a and electrochromic sunglasses have 
been produced which, unlike photochromic lenses, can of course be darkened at will. 
The phenomenon of electrochromism has in fact been used to cut down the light in 
rooms, offices or through car windscreens by electrochromically colouring whole 
windows. Such electrochromic windows or `smart glass' is perhaps the largest market 
envisaged for ECDs and have been studied extensively by Goldner. 7c In this case, the 
ECD is the window itself or is fabricated as a thin multi-layer `sandwich' that is 
adhered to the window, thus acting as a shutter because the coloured form of the 
electrochrome absorbs light. 
A liquid-phase bipyridilium-thiazine system made by GentexT`, d is used in a rear-view 
mirror that darkens automatically, to avoid dazzle from the headlights of a following 
car. This ECD is of particularly simple construction, with an ITO-glass surface and the 
reflective metallic surface forming the two electrodes of the cell. These electrodes are 
spaced a fraction of a millimetre apart with a solution containing the two 
electrochromes in between. The back electrode, made of the reflective material, thus 
enables the ECD to act as a normal mirror when the device is in the bleached state. 
The electrochromic material employed in such a device must only be of moderate 
opacity when darkened in order to allow the mirror to continue reflecting some light. 
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The majority of ECDs to date consist of a sandwich type structure of thin layers. The 
number and nature of these thin layers is very much dependent on the intended use of 
the device. However, the actual construction of an ECD remains basically the same, 
whether a large area cell or one small element of a multi-electrode array is required. 
There are two different modes of operation which can be adopted for ECDs, as shown 
in Figure 6.1. 
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Reflective layer 
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by 
(a) Transmittance mode 
by 
(b) Reflectance mode 
Figure 6.1 Schematic diagram showing the two different modes of ECD operation 
Figures 6.2 and 6.3 show detailed schematic diagrams for all-solid ECDs operating in 
reflectance and transmittance modes respectively. An ECD operating in the reflective 
mode employs a reflective material in the path of the light beam, with the 
electrochromes being positioned before it, e. g. the electrochromic car mirror. An ECD 
operating in the transmissive mode is very similar to a reflective device except that the 
rear electrode obviously cannot be opaque as all layers must be fully transparent in the 
visible spectral range, e. g. smart windows. In a reflective device, light passes through 
the primary electrochrome twice (before and after reflection) whereas in a transmissive 
device light only passes through the primary electrochrome once. Thus the apparent 
intensity change for an ECD acting in the reflective mode compared to an identical one 
acting in the transmissive mode is doubled, as the optical path length is in effect 
doubled. 
The present research concentrates upon looking at Prussian Blue and bipyridilium 
systems for application in ECDs. The electrochromic properties of the chosen systems 
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can be used in devices using either reflected or transmitted intensity. A brief review of 
the literature follows, discussing some uses of these particular systems in ECDs. 
Reflective counter electrode 
2° electrochromic layer 
Ionically Conductive Electrolyte 
1° electrochromic layer 
OTE 
Glass support/Window 
Figure 6.2 Schematic diagram of an all-solid ECD operating in reflectance mode 
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by 
Figure 6.3 Schematic diagram of an all-solid ECD operating in transmittance mode 
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Viologen ECDs 
Heptyl viologen is the most well studied bipyridilium species for electrochromic 
applications. Dutch patents were submitted in 1970, by the electronics company 
Phillips, for HV as the electrochrome and the first viologen based ECD was reported 
by Van Dam, Ponjee et al, 96 in 1973. ICI on the other hand chose the aryl-substituted 
viologen (p-cyanophenyl or CPQ) for use in an ECD. 
PB ECDs 
PB has been the subject of numerous works with the aim of producing electrochromic 
devices. Research has been carried out investigating PB as the sole electrochrome, but 
also in combination with WO3i polyaniline and a plasma polymerised ytterbium 
bis(phthalocyanine) film. Itaya et al. 169 and DeBerry and Viehbeck'70 were the first to 
demonstrate the use of PB in display devices. Honda et al., "' whose primary 
motivation was the demonstration of a novel rechargeable battery, first demonstrated 
the use of a solid polymer electrolyte in the construction of PB ECDs. The 
construction and optical behaviour of an ECD using a single film of PB was described 
by Carpenter and Conell'n (see below). 
Numerous workers'' have combined WO3 and PB in ECDs that exhibit deep blue to 
transparent electrochromicity. PB is an anodically colouring electrochrome and WO3 
is a cathodically colouring electrochrome. Hence they can be used together in a single 
device where their electrochromic reactions are complementary. Kase, Kawai and Ura 
of the Nissan Motor Co. Ltd. were the first to demonstrate this combination with the 
aim of producing glass with adjustable optical properties for automotive vehicle 
applications. 
Many researchers174 have combined PB with the conducting polymer polyaniline in 
complementary ECDs that exhibit deep blue to light green electrochromism. 
Electrochromic compatibility is obtained by combining the coloured oxidised state of 
the polymer with the blue PB and the bleached reduced state of the polymer with PG. 
Mastragostino et al. have described this type of ECD using both liquid electrolyte and 
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solid-state configurations. Jelle and Hagen have described an electrochromic window 
for solar modulation using PB, polyaniline and WO3. 
Kashiwazaki"s fabricated an ECD which achieved blue to green electrochromicity in a 
two electrode cell by complementing the green to blue colour transition (on reduction) 
of the plasma polymerised ytterbium bis(phthalocyanine) film with the blue (PB) to 
colourless (PW) transition (oxidation) of the PB. A three-colour display was also 
fabricated (blue, green, red). A reduction reaction at a third electrode provided 
adequate oxidation of the plasma polymerised ytterbium bis(phthalocyanine) film 
resulting in the red coloration of the plasma polymerised ytterbium bis(phthalocyanine) 
film. 
Current Research 
Carpenter and Conell's research'n reporting the construction of a novel ECD, utilising 
a single film of PB, is now described in more detail as it was this work upon which our 
present study was based. 
The PB film was sandwiched between two transparent conducting plates. The device 
they describe operates in transmittance mode. In the `ofd state the device was 
reported as being fully coloured. Upon application of between 2 and 12 V, light 
transmission through the device was increased with a maximum of about 50 % 
bleaching at the higher voltages. The bleaching of this device is due to the net result of 
PB conversion at the 2 outer edges of the film; to PX near the positive electrode as 
oxidation occurs and to PW near the negative -electrode as reduction occurs. No 
conventional electrolyte was included in this novel device design. The single film of 
PB functioned as both primary and complementary electrodes, and as the electrolyte. 
The ECD functioned successfully due to the fact that PB can be bleached both 
anodically and cathodically and because PB can provide the charge compensation 
which is required for electrochromic reactions as it is a mixed conductor allowing the 
movement of potassium ions. 
152 
Carpenter and Conell investigated the optical switching behaviour of their novel single 
PB film ECD. They reported spectra which showed significant absorbance changes 
when a voltage was applied. These absorbance changes correspond to the 
electrochemical conversion of the PB film which occurs near the electrodes. More PB 
is converted (i. e. bleached) as voltages are increased and thus the absorbance values 
decrease. However it was found that voltages of much larger than 8V did not result in 
further absorbance decrease. It was concluded that these high voltages produced a 
limiting situation from which it became clear that complete bleaching of a single film 
PB device is not possible. 
The aim of the present research was to reproduce Carpenter and Conell's work and 
then introduce Nafion® and also the bipyridilium systems into the ECD prototype and 
compare the results. PB films were electrodeposited onto `large' ITO glass electrodes 
from an equimolar mixture of K3Fe(CN)6 and FeC13 as detailed in Chapter 2.0.5 M 
KCl was employed as the background electrolyte. Films were rinsed with distilled 
water prior to device fabrication. 
Crocodile clips to hold 
substrates together 
w. e 
\s. 
e. 
Figure 6.4 Device fabrication and set-up 
Devices were constructed by pressing together two substrates coated with the 
electrochromic systems such that the films contacted each other. The substrates were 
held together and a constant pressure was maintained by two crocodile clips at either 
end of the overlapping ITO glass. The assembly of the ECD was designed to allow 
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ITO glass substrates 
spectroelectrochemical measurements to be recorded. The ECDs were operated as 
three-electrode systems connected to a power supply. All devices operated in 
transmittance mode. Figure 6.4 shows a simplistic diagram for device fabrication and 
set-up. 
6.2 ITO/PBPBITO devices 
A schematic diagram of the ITO/PB/PB/ITO devices discussed in this section is shown 
in Figure 6.5. The composition of the two devices which were studied and a summary 
of their response to an applied voltage are detailed in Table 6.1. 
n 
ITO glass electrode 
PB films 
ITO glass electrode 
by 
Figure 6.5 Schematic diagram of ITO/PB/PB/ITO ECD 
Device 
Number 
Device 
Composition 
Response to an Applied Voltage 
1 ITO/PB/PB/ITO Device very unstable after 1 cycle 
2 ITO/PB/PB/ITO Device stable after 8 hours of cycling 
PB films cycled in between 0.0 V and + 5.0 V. 
0.5 M KC1 prior to Device switched between a dark blue state at open 
device fabrication. 
circuit and a significantly bleached state 
upon application of +5.0 V. 
T able b. l summary of 11 U1FB1FB/17U device responses to an applied voltage 
Device number 1 was fabricated by the simple deposition of PB films upon two `large' 
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ITO glass electrodes which were pressed together and connected to the power supply. 
The device was very unstable when subject to an applied voltage. The PB films broke 
down after only I cycle between 0.0 and +5.0 V. It was anticipated that device 
performance would be improved by cycling the freshly deposited PB films in aqueous 
KCl solution before the device was fabricated. This cycling procedure was employed 
so as to replace the interstitial ferric ions in the films with the more mobile potassium 
ions. A vast improvement in device performance was indeed observed as is seen by the 
results for the second prototype device. 
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Figure 6.6 Optical absorbance spectra for the ITO/PB/PB/ITO device no. 2. Applied 
voltages are given for each curve. 
The initial stage of fabrication for device number 2 was essentially the same as for 
device number 1, with PB films deposited onto `large' ITO glass electrodes. However 
before the films were pressed together to form the prototype ECD, each PB modified 
electrode was cycled between +0.5 and -1.0 V in 0.5 M KCI. The resultant device was 
stable after 8 hours of cycling between 0.0 and +5.0 V. At open circuit the device was 
dark blue. When the device was subject to an applied voltage bleaching occurred. 
Optical absorbance spectra for device number 2, recorded as the voltage applied was 
increased from 0.0 to +5.0 V, are shown in Figure 6.6. The spectra show that the 
, IIV 
411 V 
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absorbance of the device decreases with application of increasing voltage as expected, 
due to the increased conversion of PB upon increasing applied voltage. Voltages 
much greater than +5.0 V however did not result in any further significant absorbance 
changes, suggesting a limiting condition had been reached as was described by 
Carpenter and Conell. 12 
6.3 ITO/PB/Naf: on ®/PB/ITO devices 
The next step of the present research was to introduce a layer of Nafion® into the 
prototype ECD and compare the optical switching behaviour with that of the simple 
PB film device. A schematic diagram of the ITO/PB/Nafion®/PB/ITO devices 
discussed in this section is shown in Figure 6.7. All the devices studied were based 
upon device number 2, with PB modified electrodes cycled in 0.5 M KCI. A Nafion® 
layer was then applied to each PB modified electrode, as detailed in Chapter 2, before 
the ITO glass electrodes were pressed together to construct a device. The 
composition of the five devices which were studied and a summary of their response to 
an applied voltage are detailed in Table 6.2. 
ITO glass electrode 
PB film 
Nafion® 
PB film 
ITO glass electrode 
n 
by 
Figure 6.7 Schematic diagram of ITO/PB/Nafion®/PB/ECD 
Device number 3 was fabricated by applying 18Opl of 0.5 wt. % Nafion® solution to 
each PB modified electrode. The device was constructed by pressing together the two 
electrodes immediately after application of the Nafion® film and evaporation of excess 
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solvent. Voltages between 0.0 and +5.0 V were applied to the device, but no response 
was observed. 
Device Device Response to an Applied Voltage 
Number Composition 
3 ITO/PB/Nafion /PB/ITO Device appeared not to respond to applied 
360ul 0.5 wt. % voltages of up to +5.0 V 
Nafion® solution 
4 ITO/PB/Nafion®/PB/ITO Device stable after 8 hours of cycling 
360 p10.5 Al. % Nafion® between 0.0 V and +1.0 V. 
solution. PB-Nafion® Device switched between a dark blue state at 
modified electrodes soaked in open circuit potential and a significantly 
0.5 M KCl prior to device 
bleached state upon application of +1.0 V. fabrication 
5 ITO/PB/Nafion®/PB/ITO Device stable after 8 hours of cycling 
200 p10.5 wt. % Nafion® between 0.0 V and +1.5 V. 
solution. PB-Nafion® Device switched between a dark blue state at 
modified electrodes soaked in open circuit potential and a significantly 
0.5 M KCI prior to device bleached state upon application of +1.5 V. fabrication 
6 ITO/PB/Nafion®/PB/ITO Device stable after 8 hours of cycling 
80 pl 0.5 wt. % Nafion® between 0.0 V and +2.0 V. 
solution. PB-Nafion® Device switched between a dark blue state at 
modified electrodes soaked in open circuit potential and a significantly 
0.5 M KCl prior to device bleached state upon application of +2.0 V. fabrication 
Table 6.2 Summary of ITO/PB/Nafion'/PB/ITO device responses to an applied voltage 
Thus, before the construction of device number 4, the Nafion® coated PB modified 
electrodes were soaked in 0.5 M KCl for a few minutes, in order to hydrate the 
Nafion® films. The resultant device was stable after 8 hours of cycling between 0.0 
and +1.0 V. At open circuit the device was dark blue. When the device was subject to 
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an applied voltage bleaching occurred. The application of only +1.0 V (c. f. +5.0 V) 
was required for comparable bleaching to that of device number 2, thus demonstrating 
a significant benefit of the sandwiched Nafiono layer. Optical absorbance spectra for 
device number 4, as the voltage applied was increased from 0.0 to +1.0 V, are shown 
in Figure 6.8. The spectra show that the absorbance of the device decreases with 
application of increasing voltage. The important effect to note is that the Na$on® layer 
enables PB conversion, and hence device bleaching, to occur at much lower voltages 
than in the absence of a Nafion"layer. 
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Figure 6.8 Optical absorbance spectra for the ITO/PB/Nafion®/PB/ITO device no. 4. 
Applied voltages are given for each curve. 
The response times of colour switching for device number 4 were investigated and 
found to be almost 60 seconds for both bleaching and coloration. Figures 6.9 and 6.10 
show the absorbance spectra measured every 10 seconds in response to a potential step 
between the coloured and bleached forms. The spectra show that although it takes 
almost 60 seconds to achieve `complete' bleaching or coloration of the device, most of 
the change occurs within the first 10-20 seconds. 
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Figure 6.9 Optical absorbance spectra for the ITO/PB/Nafion"IMITO device no. 4. 
Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to a potential 
step fron; 0.0 V to + 1.0 V. The vertical arrows indicate absorbance decrease with 
time for the peak at - 700 uni. 
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Figure 6.10 Optical absorbance spectra for the ITO/PB/Nafion®/PB/ITO device 
no. 4. Spectra recorded at t=0,10,20,30,40 and 50 seconds in response to a 
potential step from + 1.0 V to 0.0 V. The vertical arrows indicate absorbance 
increase with time for the peak at - 700 pint. 
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The composition of device number 4 was then altered in order to investigate the effect 
that different thickness Nafion"' films had upon device operation. By applying different 
quantities of Nafion" solution to the PB modified electrodes, the concentration of 
Nafion`' per unit area is changed. Thus varying the `thickness' of the film. Device 
number 5 was constructed after application of 100 fd 0.5 wt. % Nafion® solution to 
each PB modified electrode whereas in the case of device number 6,40 pl of 0.5 wt. % 
"Nafion'& solution was applied to each electrode. Optical absorbance spectra for device 
numbers 5 and 6 are shown in Figures 6.11 and 6.12 respectively. At open circuit the 
devices were dark blue. When the devices were subject to an applied voltage 
bleaching occurred due to PB conversion. However, whereas for device number 4 
application of voltages greater than +1.0 V did not result in the conversion of more 
PB; for device number 5 absorbance changes were observed until applied voltages of 
at least +1.5 V were reached, and for device number 6 until applied voltages of at least 
+2.0 V were reached. Device number 4 had a thicker Nafion® layer than device 
number 5, which in turn had a thicker Nafion'° layer than device number 6. Thus it 
seems that a thicker Nafion® layer allows increased conductivity, enhancing PB 
conversion enabling bleaching of the device to occur at lower applied voltages. 
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Figure 6.11 Optical absorbance spectra for the ITO/PB/Nafion /PB/ITO device 
no. 5. Applied voltages are given for each curve. 
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Figure 6.12 Optical absorbance spectra for the ITO/PB/Nafion®/PB/ITO device 
no. 6. Applied voltages are given for each curve. 
6.4 ITO/PB/Nafion a/Methyl Viologen/Nafion m/PB/ITO 
The final part of the study investigated a prototype ECD with the inclusion of a 
bipyridilium system, and then characterised its optical switching behaviour. Figure 
6.13 shows a schematic diagram of the ITOfPB/Nafion''/Methyl 
Viologen/Nafion`D/PB/ITO device discussed in this section. 
The device was based upon device number 4: PB films were deposited upon `large' 
ITO glass electrodes, the PB modified electrodes were cycled in 0.5 M KCI, 180 pl 0.5 
wt. % Nafion® solution was applied to each modified electrode and when excess 
solvent had evaporated, the modified electrodes were soaked in 0.5 M KCI. Each 
Nafion® coated PB modified electrode was then cycled in 0.1 mM methyl viologen in 
0.5 M KCl resulting in the electrostatic incorporation of the viologen into the 
polyelectrolyte film. The modified ITO glass electrodes were then pressed together to 
construct the device. The composition of the device and a summary of its response to 
an applied voltage is detailed in Table 6.3. 
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ITO glass electrode 
PB film 
Methyl Viologen 
incorporated into Nafion® 
PBfilm 
ITO glass electrode 
by 
Figure 6.13 Schematic diagram of ITO/PB/NafionIMethyl 
Viologen/Nafion ®/PB/ECD 
Device 
Number 
Device Composition Response to an 
Applied Voltage 
7 ITO/PB/Nafion®/Methyl Device stable after 8 hours 
Viologen/Nafion®IPB/ITO of cycling between 
360 p10.5 w1. % Nafion® solution. PB-Nafion® 0.0 V and +1.0 V. 
modified electrodes soaked in 0.5 M KCI and Device switched between a 
cycled in 0.1 mM methyl viologen in 0.5 M KC1 dark blue state at open 
prior to device fabrication. 
circuit and a significantly 
bleached state upon 
application of +1.0 V. 
When the voltage was then 
returned to 0.0 Va purple 
colouration was observed. 
Table 6.3 Summary of ITO/PB/Nafron? '/Meihyl Viologen'Nafron`"/PB/ITO 
device response to an applied voltage 
The device was stable after 8 hours of cycling between 0.0 and +1.0 V. At open 
circuit the device was dark blue. When the device was subject to an applied voltage 
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bleaching occurred. When voltages much greater than +1.0 V were applied to the 
device no further absorbance changes were observed. However, when the voltage was 
returned to 0.0 Va purple colouration was observed, due to the production of a 
mixture of the dimer/monomer of the radical cation of methyl viologen. When the 
device was switched `off', i. e. at open circuit, a dark blue colour was resumed. Optical 
absorbance spectra for device number 7, as the voltage applied was increased from 0.0 
to +1.0 V and then back to 0.0 V, are shown in Figure 6.14. 
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Figure 6.14 Optical absorbance spectra for the ITO/PB/NafionolMethyl 
Viologen/Nafron®/PB/ITO device no. 8. Applied voltages are given for each curve. 
6.5 Conclusions 
Practical devices were successfully constructed utilising PB, Nafion® and methyl 
viologen electrochromic systems. Initially a single film PB device was studied with 
good reproducible results, comparable to those of Carpenter and Conell, being 
obtained. Bleaching occurred when the device was subject to an applied voltage and 
optical absorbance spectra for the device were recorded. When a layer of the 
polyelectrolyte Nafion® was introduced into the device prototype, voltages of only 
+1.0 V were needed in contrast to voltages of +5.0 V or greater for the single film PB 
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device in order to obtain comparable device bleaching. It was found that by varying 
the thickness of the Nafion® film applied, the bleaching characteristics of the device 
were altered. As the thickness of the Nation® layer increased PB conversion was 
enhanced due to increased conductivity, allowing bleaching of the device to occur at 
lower applied voltages. Introduction of methyl viologen into the prototype device 
successfully allowed the purple coloration of the viologen radical cation to be 
incorporated, thus extending the range of colours available from this ECD prototype. 
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Introduction to Regulations and Requirements 
What is a Ph. D.? 
Working with Technicians and Support Staff 
Managing your research, including financial considerations 
Introduction to the Library and other academic support 
2. Core Skills 
IT - use of databases, e-mail etc. 
Information gathering 
Time management and personal effectiveness 
Research methodology and principles of experimental design 
Health and Safety Issues 
Oral Presentations 
Intellectual Property Rights and the Ethical Issues of Research 
Report Writing 
(c) EPSRC Graduate School 
Planning Skills: Time management, set targets, prioritise, work to 
schedules, review and measure performance. 
Using Your Intellect: Analysing and interpreting information, problem solving, 
decision making, presenting information. 
Communication Skills: Team building, listening, sensitivity to others, 
assertiveness, negotiation, presentation skills. 
Personal Attributes: Self confidence, enthusiasm, initiative, flexibility, self 
knowledge. 
Appendix 2 
Conferences 
1. IEE - Colloquium on Materials for Displays, London, October 
1995 
2.188th Electrochemical Society Meeting, Chicago, Illinois, October 1995 
3. East Midlands Electrochemistry Group, Coventry University, April 1996 
4. Electrochem. `96, University of Bath, September 1996 
(Presentation: Electrochromic Bilayer Electrodes with Prussian Blue as an 
`Inner' Layer and Bipyridilium Cation-Incorporated Nafion® as `Outer' Layer - 
RJM) 
5.190th Electrochemical Society Meeting, San Antonio, Texas, October 1996 
(Presentation: Electrochromic 1,1'-Dialkyl-4,4'-Bipyridilium-Incorporated 
Nafion® Electrodes - RJM) 
6. East Midlands Electrochemistry Group, Loughborough University, March 
1997 
(Presentation: Electrochromic Systems for Use in Displays - JLD) 
7. Electrochem. '97 
(Presentation: Spectroelectrochemical Studies of Electrochromic 1,1'-Dialkyl- 
4,4'-Bipyridilium-Incorporated Nafion® Electrodes - RJM) 
8. East Midlands Electrochemistry Group, Leicester University, April 1998 
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J. L. Dillingham and R. J. Mortimer, Book ofAbstracts, Electrochem. `96, 
Postgraduate Session, p. 2. 
2. `Spectroelectrochemical Studies of Electrochromic 1,1-Dialkyl-4,4' 
Bipyridilium-Incorporated Nafion Electrodes' 
R. J. Mortimer and J. L. Dillingham, Book of Abstracts, Electrochem. '97. 
3. `Electrochromic 1,1'-Dialkyl-4,4'-Bipyridilium-Incorporated Nafion® 
Electrodes' 
R. J. Mortimer and J. L. Dillingham, in K-C. Ho, C. B. Greenberg and D. M. 
MacArthur (eds. ), Electrochromic Materials III, The Electrochemical Society, 
1997, p. 3. 
4. `Electrochromic 1,1'-Dialkyl-4,4'-Bipyridilium-Incorporated Nafion® 
Electrodes' 
R. J. Mortimer and J. L. Dillingham, J. Electrochem. Soc., 144 (1997) 1549. 
5. `Electrochromic Systems for Use in Displays' 
J. L. Dillingham and R. J. Mortimer, Book of Abstracts, EMEG '97. 
